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ON  THE    LATENT    HEAT  OF   FUSION   AND   THE 

SPECIFIC   HEAT  OF  SALTS   IN   THE    SOLID 

AND   LIQUID   STATE. 

By  H.  M.  Goodwin  and  H.  T.  Kalmus. 

G>ntribution  No.  28  from  the  Research  Laboratorj  of  Physical  Chemistry,  Mass. 
Institute  of  Technology.  ^ 

THE  latent  heat  of  fusion  of  only  a  very  few  inorganic  salts  has 
been  determined,  and  of  the  data  known  a  number  were 
obtained  at  an  early  date  when  the  measurements  were  necessarily 
comparatively  crude.  Of  the  salts  melting  above  300°  Landolt 
&  Bomstein's  Tabellen  contain  only  the  following : 


Salt. 

Molecular  Heat  of 
Fusion. 

Reference. 

KNO, 

4,900 

Persons,  Pogg.  Ann.,  70,  300,  1846. 

NaNO, 

5,500 

•'      74,  525,  1847. 

PbBr, 

4,500 

Ehrhardt,  Wiedemann  Ann.,  24,  257, 1885. 

PbCl, 

5.800 

*'      24,257,1885. 

Pbl, 

5,300 

"      24,257.1885. 

It  seemed  to  us,  in  the  interest  of  obtaining  additional  information 
on  the  constitution  of  salts  in  the  fused  state,  that  further  measure- 
ments of  this  important  constant  together  with  measurements  of  the 
specific  heats  of  salts  just  above  and  below  their  melting  point 
were  desirable.  The  existing  data  on  these  specific  heats  are  like- 
wise scant  and  not  in  good  agreement.  In  the  present  paper  a  con- 
venient method  for  making  these  measurements  with  a  fair  degree 

^  This  research  was  carried  out  under  a  grant  from  the  Wm.  £.  Hale  Research  Fund 
to  the  trustees,  of  which  grateful  acknowledgment  of  the  aid  furnished  by  them  is  hereby 
made. 
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of  precision  is  described,  and  the  results  obtained  with  twelve  differ- 
ent salts  presented  and  discussed. 

Method  and  Apparatus. 

General  Method. — Briefly,  the  method  adopted  was  to  heat  in  an 
electric  furnace,  a  known  weight  of  the  salt  contained  in  a  sealed 
platinum  vessel,  to  a  high  temperature  which  was  accurately  meas- 
ured. The  vessel  was  then  dropped  into  a  calorimeter  and  the 
quantity  of  heat  liberated  determined.  This  experiment  was 
repeated  for  a  series  of  different  initial  temperatures  extending 
over  a  range  of  50  to  60  degrees,  both  below  and  above  the  melt- 
ing point  of  the  salt.  By  correcting  for  the  heat  capacity  of  the 
containing  vessel,  the  quantity  of  heat  Q  required  to  raise  one 
gram  of  the  salt  from  room  temperature  to  its  initial  temperature 
could  be  calculated.  Plotting  values  of  Q  as  ordinates  and  corre- 
sponding temperatures  /  as  abscissae,  curves  were  obtained,  the 
slope  of  which  at  any  point  gave  the  specific  heat  of  the  salt  at  the 
corresponding  temperature,  while  the  discontinuity  in  the  value  of 
Q  at  the  melting  point  gave  the  latent  heat  of  fusion  for  one  gram 
of  the  salt. 

The  Containing  Vessel,  —  The  salt  was  contained  in  a  hollow 
cylindrical  vessel  of  platinum  about  5  cm.  high  and  18  mm.  in 
diameter.  This  was  made  from  a  sheet  of  platinum  of  proper 
dimensions  which  was  shaped  around  a  cylindrical  brass  model,  and 
the  joint  soldered  with  gold  in  the  oxy-hydrogen  flame.  One  end 
of  the  hollow  cylinder  thus  formed  was  closed  by  gold-soldering 
a  thin  sheet-platinum  disc  over  it.  The  cylinder  was  then  weighed, 
filled  to  about  three  fourths  of  its  capacity  with  the  purified  dry  salt, 
weighed  again,  and  a  similar  platinum  disc  gold-soldered  over  the 
open  end.  The  vessel  and  contents  were  again  weighed  in  order 
to  determine  the  total  mass  of  platinum  and  gold.  The  salt  was 
thus  enclosed  within  a  fluid-tight  platinum  vessel  with  which  meas- 
urements could  be  repeated  as  many  times  as  desired. 

TTie  Electric  Furnace.  —  The  platinum  cylinder  just  described  was 
heated  in  an  electric  furnace  constructed  as  shown  in  vertical  sec- 
tion, Fig.  I. 

A  is  the  platinum  cylinder  which  fits  nicely  within  a  hollow 
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copper  cylinder  B.  A  is  of  such  a  diameter  that  when  introduced 
at  the  top  of  the  apparatus  it  shdes  down  to  its  indicated  position  in 
contact  with  the  copper  cylinder  surrounding  it.  The  cylinder  A 
has  a  small  groove  pressed  into  it  to  allow  the  insertion  of  the  tip 
of  a  thermoelement  7)  between  it  and  the  copper  cylinder.     This 


intimate  contact  assures  uniformity  of  temperature  between  the 
platinum  cylinder,  the  surrounding  copper  and  the  thermal  junction. 
Surrounding  the  hollow  copper  cylinder  is  another  similar  one  of 
iron,   C,  upon  which  a  heating  coil  of  asbestos-insulated  nickel- 


Digitized  by 


Google 


4  H,  AL   GOODWIN  AND  H,   T.  KALAIUS,       [Vol.  XXVIII. 

steel  wire  Z?  is  .wound.  The  iron  cylinder  extends  about  lo  cm. 
below  the  copper  cylinder  and  is  closed  at  the  bottom  during  the 
heating  by  an  iron  piece  y,  which  prevents  the  circulation  of  air 
currents  within  the  heater. 

The  entire  portion  of  the  furnace  thus  far  described  was  portable, 
and  could  be  removed  by  means  of  the  handle  H  from  the  heavy 
asbestos  insulation  E,  into  which  it  was  set.  The  lead  wires  from 
the  heating  coil  D  were  made  long  enough  so  that  the  heater  could 
be  removed  from  the  asbestos  shield  and  transported  several  feet  to 
a  position  directly  above  the  calorimeter,  without  interrupting  the 
heating  current.  Upon  lifting  the  heater,  the  iron  piece  /  dropped 
out  by  its  own  weight  and  remained  in  £".  A  fine  platinum  wire  was 
attached  to  the  top  of  the  cylinder  A,  so  that  it  remained  in  position 
during  the  transportation  to  the  calorimeter.  This  wire  was  cut  at 
the  desired  instant,  and  the  cylinder  allowed  to  drop  into  the  calo- 
rimeter. 

The  Calorimeter.  —  A  platinum  calorimeter  of  about  750  c.c. 
capacity  was  used.  This  was  placed  within  a  highly  polished  cop- 
per vessel,  with  an  insulating  air  space  of  about  one  and  one  half 
inches  between  each.  Surrounding  the  copper  vessel  on  all  sides 
but  the  top,  was  a  water  jacket  separated  from  the  former  vessel  by 
a  two-inch  air  space ;  the  whole  was  heavily  insulated  by  a  felt 
covering.  The  platinum  and  corresponding  copper  and  felt  covers 
had  three  openings  in  them  to  admit  the  stirrer,  the  thermometer, 
and  the  heated  cylinder  of  salt,  respectively.  This  last  opening  was 
provided  with  a  thin  mica  cylinder  extending  about  six  inches  ver- 
tically upward,  which  served  to  direct  the  falling  hot  cylinder  into 
the  calorimeter. 

Stirring  was  accomplished  by  means  of  a  flat  strip  of  platinum 
which  was  bent  into  the  arc  of  a  circle  to  fit  the  calorimeter,  the  flat 
surface  lying  in  a  horizontal  plane.  A  small  motor  operating  a 
suitable  mechanism  gave  this  stirrer  a  vertical  reciprocating  motion, 
which  produced  a  very  effective  agitation  of  the  calorimetric  liquid. 
With  salts  melting  below  400°,  water  was  used  in  the  calorimeter 
while  with  salts  of  higher  melting  point  aniline  was  used.  This  has 
the  advantage  of  a  low  heat  of  vaporization  and  its  specific  heat  is 
accurately  known.* 

'  Griffiths,  Proc.  Phys.  Soc.,  13,  234,  1894.  Bartoli,  Rend.  Lomb.  (2),  28, 1032,  1895. 
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A  Standard  calorimeter  thermometer,  calibrated  against  a  standard 
bearing  a  certificate  from  the  Bureau  of  Standards  at  Washington, 
and  which  could  easily  be  read  to  o°.oi  was  used  for  measuring 
the  rise  of  temperature  in  the  calorimeter. 

Temperature  Measuring  Apparatus.  —  The  initial  temperature  to 
which  the  salt  was  heated  was  measured  by  a  platinum-rhodium 
thermoelement,  which  was  calibrated  in  the  usual  way  with  naph- 
thalene, benzophenone  and  sulphur.  The  electromotive  force  of 
this  couple  was  balanced  against  a  Weston  element  through  a  very 
sensitive  D'Arsonval  galvanometer.  The  Weston  element  was 
compared  with  the  laboratory  standard  element  from  time  to  time, 
and  always  found  the  same.  Extraneous  thermoelectromotive 
forces  were  compensated  by  an  adjustable  electromotive  force  intro- 
duced in  the  galvanometer  circuit.  Twenty  millimeters  deflection 
of  the  galvanometer  corresponded  to  1°  change  of  temperature,  the 
couple  giving  8  microvolts  per  degree  centigrade.  The  apparatus 
was  identical  with  that  used  by  Goodwin  and  Mailey  in  their  work 
on  the  Density,  Electrical  Conductivity  and  Viscosity  of  Fused  Salts, 
and  described  by  them  in  detail  in  Phys.  Rev.,  25,  469,  1907. 

Procedure^  Sources  of  Error,  Etc, — After  the  containing  cylinder 
had  been  made  and  filled  with  salt,  as  already  described,  it  was 
placed  within  the  heater  as  shown  in  Fig.  i.  The  current  (usually 
between  5  and  10  amperes),  was  turned  on  and  at  the  expiration  of 
about  one  half  hour  the  desired  temperature  was  attained.  The 
current  was  then  gradually  diminished  until  no  further  rise  in  tem- 
perature was  observed.  An  equilibrium  temperature  was  thus 
finally  reached,  which  with  practice  could  be  regulated  to  within  2^ 
of  any  desired  temperature ;  the  temperature  remained  practically 
constant  for  hours.  The  salt  was  always  kept  at  a  constant  tem- 
perature for  at  least  one  half  hour  before  observations  were  begun. 
This  was  found  to  be  sufficient  to  insure  uniformity  of  temperature 
throughout  the  platinum  cylinder.  If  the  temperature  chosen  was 
slightly  above  the  melting  point  of  the  salt,  the  equilibrium  was 
approached  from  a  somewhat  higher  temperature,  to  insure  that  all 
the  salt  was  in  the  liquid  state.  During  the  ten  minutes  preceding 
the  experiment  proper,  temperature  (galvanometer)  readings  were 
made  at  one  minute  intervals,  from  which  the  exact  temperature  at 
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the  instant  of  introducing  the  salt  into  the  calorimeter  could  be 
determined.  During  this  same  time  the  calorimeter  was  mechan- 
ically stirred  and  readings  of  the  calorimeter  thermometer  were  also 
made  at  half  minute  intervals,  in  order  that  the  exact  temperature 
of  the  liquid  at  the  instant  the  cylinder  was  introduced  could  be 
known,  and  also,  to  enable  the  cooling  correction  to  be  calculated. 
At  the  end  of  the  ten  minutes,  the  heater  was  removed  to  a  position 
directly  over  the  opening  in  the  calorimeter,  and  the  suspension 
holding  the  cylinder  cut.  At  the  outset  it  was  feared  that  this 
operation  might  introduce  considerable  error.  It  was  found,  how- 
ever, that  the  entire  operation  could  be  performed  in  less  than  one 
quarter  of  a  minute,  during  which  time  the  galvanometer  deflections 
showed  that  no  appreciable  change  in  the  temperature  of  the  sub- 
stance had  occurred.  The  mass  of  metal  immediately  surrounding 
the  platinum  cylinder  was  so  great  that  no  noticeable  change  in 
temperature  could  take  place  during  so  short  an  interval.  The 
second  possible  source  of  error  arising  at  this  stage  of  the  experi- 
ment was  the  loss  of  heat  by  radiation  and  convection  during  the 
time  the  cylinder  was  falling  from  the  heater  into  the  calorimeter. 
This  transfer  was  made  within  a  mica  shield,  and  since  the  total  dis- 
tance from  the  heater  to  the  surface  of  the  liquid  was  only  about 
ten  inches  the  time  required  was  only  about  one  quarter  of  a  second. 
The  possible  magnitude  of  the  error  arising  from  this  source  and 
from  the  evaporation  of  the  calorimeter  liquid  (to  be  discussed 
below)  was  studied  by  measuring  the  si>ecific  heat  of  a  cylinder  of 
pure  platinum  by  the  above  procedure.  The  mean  specific  heat  of 
platinum  between  o°  and  327°  obtained  in  this  way  was  0.0344 
which  is  in  good  agreement  with  the  mean  value  of  previous  obser- 
vations for  the  same  interval.  Hence  only  a  very  slight  error  could 
have  been  introduced  by  the  heat  loss  during  the  transfer,  prob- 
ably not  more  than  a  small  fraction  of  a  per  cent. 

An  obvious  advantage  of  the  arrangement  employed  is  that  the 
heater  is  removed  from  the  neighborhood  of  calorimeter  during  the 
heating.  During  the  transfer  of  the  cylinder  there  is  not  enough 
heat  absorbed  by  direct  radiation  from  the  heater  through  the  mul- 
tiple insulation  of  the  calorimeter  or  through  the  cover  to  be 
observed  by  the  calorimeter  thermometer.  This  was  tested  by 
direct  experiment. 
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Another  possible  source  of  error  is  that  due  to  evaporation  of  the 
calorimeter  liquid  during  the  time  the  hot  cylinder  is  passing 
through  its  surface.  This  was  also  tested  by  direct  experiment,  as 
follows :  The  platinum  calorimeter,  covered  and  filled  with  liquid 
as  in  the  experiment  proper,  was  placed  on  one  scale  of  a  sensitive 
balance.  To  this  were  added  the  cylinder,  with  its  contained  salt 
and  suspending  wire,  these  however,  being  placed  without  the 
calorimeter.  The  whole  was  carefully  tared  by  weights  placed  on 
the  other  pan.  Then  the  cylinder,  supported  by  the  fine  suspend- 
ing wire,  was  heated  in  a  flame  to  approximately  the  highest  tem- 
perature attained  in  the  actual  measurements,  dropped  into  the 
calorimeter  liquid,  and  any  change  of  weight  due  to  evaporation 
was  noted.  With  aniline  as  a  calorimeter  liquid  no  change  in  weight 
was  observed ;  with  water  when  the  cylinder  was  not  heated  above 
450^  the  loss  was  less  than  0.0 1  gram.  This  corresponds  to  a  loss 
of  less  than  five  small  calories  which  is  negligible  in  comparison  to 
the  total  heat  effect  of  over  1,000  calories.  Of  course  an  appreci- 
able quantity  of  water  may  have  vaporized  and  recondensed  upon 
the  calorimeter  cover,  in  which  case  there  would  be  no  attendant 
loss  of  weight  or  of  heat 

The  stirring  was  so  efficient  that  the  maximum  temperature  of 
the  calorimeter  and  contents  was  reached  in  from  three  to  seven 
minutes  after  the  introduction  of  the  hot  substance.  The  total  rise 
in  temperature  was  from  2®  to  4^  and  the  cooling  correction  never 
more  than  a  few  hundredths  of  a  degree.  This  correction  was 
determined  by  the  usual  Rumford  method.  By  adjusting  the  tem- 
perature of  the  water  jacket  of  the  calorimeter  to  a  temperature 
approximately  midway  between  the  initial  temperature  of  the  calorim- 
eter liquid  and  its  final  equilibrium  temperature  after  the  intro- 
duction of  the  salt,  the  correction  was  rendered  very  small.  After 
each  measurement  the  platinum  cylinder  was  weighed  to  insure  that 
no  liquid  had  leaked  into  it.  If  the  weight  were  found  constant  the 
cylinder  and  contents  could  be  used  again  and  again  for  as  many 
determinations  as  desired.  At  least  two  different  cylinders  were 
used  for  the  series  of  measurements  on  each  salt  and  the  results 
always  found  to  be  in  good  agreement.  On  the  completion  of  a 
series  of  measurements  with  a  given  salt  one  end  of  the  cylinder 
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was  removed  and  the  cylinder  emptied  and  refilled  with  a  new  salt. 

The  heat  capacity  of  the  metal  cylinder  itself  was  determined  by 
direct  experiment  by  the  method  described  above.  The  value  ob- 
tained agreed  with  that  calculated  from  previously  obtained  data  on 
the  specific  heats  of  platinum  and  gold  to  within  i  per  cent,  its 
magnitude  being  less  than  one  tenth  the  heat  capacity  of  the  salt. 
Hence  if  it  were  uncertain  by  one  or  two  per  cent,  it  would  affect 
the  final  result  by  only  that  many  tenths  of  a  per  cent. 

Preparation  of  the  Salts.  — The  salts  used  were  those  of  the  greatest 
chemical  purity  purchasable  from  Eimer  and  Amend.  The  soluble 
salts  were  further  purified  by  repeated  crystallization. .  The  insoluble 
salts,  such  as  the  silver  halides,  were  prepared  by  precipitation  from 
silver  nitrate  which  had  been  several  times  purified  by  recrystalliza- 
tion. 

The  sharpness  of  the  transition  point  of  the  curves  (see  below) 
indicates  that  the  salts  were  very  free  from  impurities. 

Scope  of  the  Measurements.  —  The  salts  investigated  were  princi- 
pally those  whose  electrical  conductivity,  viscosity  and  density  had 
been  previously  determined,*  together  with  such  additional  nitrates 
and  halides  as  it  seemed  might  serve  to  bring  to  light  any  stoichio- 
metrical  relations  existing  between  them.  NaCIO,  was  also  studied 
in  view  of  the  recent  interesting  paper  of  Foot  &  Levy.*  The  entire 
list  of  salts  investigated  is  the  following :  KNO3.  NaNOj,  LiNOy 
AgNOj.  AgCl,  TlCl,  PbClj,  AgBr,  TlBr,  PbBr,.  K^Cr^O,  and  NaClO,. 

Results. 

Experimental  Data.  —  In  Table  I.  are  given  all  the  experimental 
data.  Q  represents  the  total  quantity  of  heat  expressed  in  small 
calories  required  to  raise  one  gram  of  salt  from  25^  C.  to  /^ 
centigrade. 

The  above  data  are  shown  graphically  in  the  following  1 2  plots, 
one  for  each  of  the  salts  studied.  Plot  13  is  an  assemblage  of  all 
these  curves  drawn  to  the  same  scale  on  a  single  sheet.  The  ordi- 
nates  represent  the  quantity  of  heat  Q  and  the  abscissae  the  corre- 
sponding temperature  /.    The  results  of  all  determinations  are  given, 

^Lorenz  &  Kalmus,  Zeit.  Pbys.  Chem.,  59,  17  and  244,  1907.     Goodwin  &  Mailey, 
Phys.  Rev.,  25,  469  and  26,  1908.     Goodwin  &  Kalmus,  Phys.  Rev.,  27,  322,  1908. 
'Am.  Chem.  Jour.,  37,  494. 
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Table  I. 


Salt. 

Temp. 

Q     i 

Salt. 

Temp. 

Q 

Salt. 

Temp. 

Q 

KNO, 

240<' 

70.2 

TlBr 

398^ 

17.5 

AgCl 

493** 

68.9 

i< 

268 

80.3 

<( 

427.5 

18.8 

II 

511 

70.0 

<( 

295 

86.5  1 

(1 

453 

19.7    j 

II 

533 

72.7 

ti 

310 

90.5  ; 

(1 

487 

35.4 

K„Cr,0 

329<» 

64.2 

« 

323 

94.8  1 

<i 

503.5 

36.5 

2        *      7 

41            / 

338 
375 
376 

65.3 
74.2 
74.5 

«< 

338 

123.8  1 

(< 

504 

36.5 

II 

It 

369 

135.8 

(< 

521 

38.0 

<l 

«< 

394 

142.0 

AgNO, 

168<' 

23.0 

II 

393 

78.5 

«< 

411 

148.0 

i< 

168 

23.0 

II 

415.5 

115.0 

NaNO, 

23SO 

68.4 

<< 

179 

26.0 

tl 

475 

134.5 

<i 

244 

71.0  1 

<« 

187.5 

27.0 

•  1 

484 

137.5 

<< 

249 

74.7  , 

i« 

195 

29.0    , 

1  NaQO- 

184*» 

39.8 

<i 

259 

84.0 

<< 

201 

30.8 

* 
II 

192 
234.5 

43.0 
55.8 

<i 

279 

91.6 

»< 

219.5 

49.0 

II 

<« 

303 

98.5 

<< 

226 

49.9 

II 

240 

249 

249.5 

259 

272 

272 

278 

56.7 
60.8 
61.6 

114.1 
116.8 
117.3 
118.8 

<< 

323.5 

151.2 

<i 

230 

50.9 

II 

•« 

347 
353.5 

161.0 
164.0 

« 
<< 

246 
250 

53.3 
54.3 

II 
<< 

«« 

UNO, 
«« 

367 

1690 
193.5 

170.0 

48.2 
55.9 

«< 

250 
268 
268 

54.1 
57.6 
57.2 

<i 
II 
<i 

<< 

208 

61.6 

PbOj 

2650 

16.9    , 

II 

299 

125.0 

«( 

224 

67.7 

i< 

307.5 

19.4 

i< 

299 

125.2 

<i 

248 

79.6 

<« 

387 

25.4 

PbBr, 

2990 

14.4 

«< 

256 

168.6 

«< 

498 

35.0 

II 

321 
379 
438 
475 

14.7 
19.2 
22.0 
23.7 

<« 

283 

179.8 

«< 

508 

54.8 

II 

<< 
TlCl 

302.5 
350<' 

185.0 
17.7 

i< 
II 
II 

514 

519 

551 

559 

559.5 

578 

54.9 
54.3 
58.8 
59.4 
59.9 
63.2 

II 
II 

<< 

365 

18.6  1 

II 

•1 

503 

35.8 

•  « 

382 
415 

19.0  ! 
20.9 

11 
II 

II 
<i 

560 
563 

40.0 
40.3 

<< 

416.5 

21.4  i 

i< 

587 

43.6 

<• 

456 
477 

40.1  , 
41.3 

AgCl 
«i 

3710 
403.5 

34.0 
36.8 

AgBr 

316° 

341 

395.5 

408 

435 

447 

24.7 
25.2 
30.3 
31.6 
45.8 
46.8 

<« 
<< 
<« 

TlBr 

479 
527 
530 

3210 

41.1 
44.3 
44.1 

13.3 

II 
II 
II 
i< 
II 

408 
435 
443 
469 
485 

37.6 
40.0    1 
41.3    i 
64.5    I 
67.7    1 

II 
II 
II 

<< 

345 

13.5 

II 

491 

67.7 

II 

481 

49.1 

<< 

376 

15.5  . 

II 

563 

55.9 

with  the  exception  of  a  very  few  which  deviated  by  eight  or  ten  times 
the  mean  deviation  of  the  others,  and  which  it  was  fair  to  assume  con- 
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tained  some  huge  accidental  error.  The  first  (lower)  portion  of  each 
curve  represents  the  data  for  the  salt  in  the  solid  state,  the  third 
{upper)  part  in  the  liquid  state,  and  the  intercept  of  these  lines  on 
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the  ordinate  through  the  melting  point,  gives  the  latent  heat  of 
fusion  for  one  gram  of  the  salt.  The  tangent  of  the  angle  which  the 
first  and  third  portions  of  the  curve  make  with  the  axis  of  tempera- 
ture gives  the  specific  heat  of  the  salt  in  the  solid  and  liquid  state  re- 
spectively, in  the  neighborhood  of  the  melting  point  In  drawing  these 
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lines  the  best  representative  straight  line  has  been  chosen,  u  ^.,  no  at- 
tempt has  been  made  to  take  into  account  any  variation  in  the 
specific  heat  with  the  temperature  over  a  temperature  interval  of 
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II 


about  50°  above  and  below  the  melting  point.    Further  data  will 
be  necessary  before  this  variation  can  be  accurately  determined. 
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It  should  be  noticed  that  the  data  for  the  solid  and  liquid  salt 
show  no  tendency  to  gradually  merge  into  one  another  at  the  melt- 
ing point  as   indicated  by  the  dotted  line  on  plot  7  for  PbClg. 
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This  dotted  line  is  the  form  of  curve  obtained  by  Ehrhardt,*  for  the 
lead  halideSy  and  is  that  which  one  would  expect  if  the  salt  were 
impure. 

From  a  discussion  of  our  data  we  find  that  the  combined  effect 

1  Wicd.  Ann.,  24,  257,  1885. 
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of  experimental  errors  and  errors  of  plotting  lead  to  results  for  the 
latent  heat  which  are  probably  reliable  to  better  than  two  per 
cent.  It  should  be  noted  that  owing  to  the  slight  difference  in  the 
slope  of  the  lines  locating  data  for  the  liquid  and  solid  salt,  an  error 
of  several  degrees  in  the  melting  point  introduces  only  a  very  slight 
error  in  the  value  of  the  latent  heat  as  determined  from  the  plot. 
The  slope  of  the  lines  determining  the  specific  heats,  however,  is 
probably  not  defined  to  this  degree  of  precision,  and  the  values  of 


40 

\ 

^ 

Fl 

B 

\ 

^ 

^r 

36 

^ 

^ 

^ 

H^ 

' 

y^ 

h 

■^ 

\^ 

u 

14 

Tn 

^ 

fiV 

f*^ 

^ 

*g-i 

^ 

% 

V( 

uif 

.^ 

It 

^■^ 

' 

J 

920*  i«      io 


60      400*    2D       40 

Plot  5. 


00     500*  %o     4« 


the  specific  heats  in  the  two  states  may  therefore  be  in  error  by 
as  much  as  two  per  cent,  or  in  some  cases  even  more. 

In  the  following  Table  II.  are  given  the  numerical  values  of  the 

Table  II. 


Salt. 

M.P. 

M 

L 

k=^ML 

KIT 

c. 

MC, 

Q 

KNO, 

308 

101 

25.5 

2,570 

4.5 

0.292 

29.5 

0.333 

NaNO, 

333 

85 

45.3 

3,690 

6.1 

0.388 

33.0 

0.430 

LiNO, 

250 

69 

88.5 

6,100 

11.5 

0.387 

26.7 

0.390 

AgNO, 

218 

170 

15.2 

2,580 

5.3 

0.195 

33.2 

0.195 

AgQ 

455 

143 

21.3 

3,050 

4.2 

0.100 

14.3 

0.129 

Tia 

427 

240 

16.6 

3,980 

5.7 

0.0580 

13.9 

0.0590 

PbCl, 

498 

278 

18.5 

5,150 

6.7 

0.0778 

21.6 

0.121 

AgBr 

430 

188 

12.6 

2,370 

3.4 

0.0755 

14.2 

0.0760 

TlBr 

460 

284 

12.7 

3,610 

5.0 

0.0525 

14.6 

0.0800 

PbBr, 

488 

367 

9.9 

3,650 

4.9 

0.0566 

20.8 

0.0780 

NaClO, 

255 

106 

49.6 

5,250 

10.0 

0.320 

32.4 

0.325 

K,CrA 

397 

295 

29.8 

8,800 

13.2 

0.231 

68.3 

0.335 
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constants  for  the  various  salts,  taken  from  plots  drawn  on  accurately 
ruled  paper,  to  such  a  scale  that  values  could  be  interpolated  to  o.  i 
cal.  and  o.  i  ^.  From  left  to  right  the  columns  are :  {MP)  melting 
point  of  the  salt,  {M)  molecular  weight,  (Z)  latent  heat  of  fusion  for 
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I  gm.,  (X  =  ML)  molal  heat  fusion,  {)^jT)  ratio  of  molecular  heat  to 
the  absolute  melting  point,  (CJ  specific  heat  in  the  solid  state,  {MC^ 
molecular  heat  of  solid,  (C^)  specific  heat  in  the  liquid  state. 

Heat  of  Fusion, — Stoichiometrical  relations  between  the  specific 
or  the  molecular  heat  of  fusion  and  other  properties  of  similar  sub- 
stances remain  still  to  be  discovered.     The  values  of  the  molecular 
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heat  of  fusion  show  no  apparent  regularities,  not  even  in  the  case  of 
salts  which  crystallize  in  the  same  system  and  class.  For  instance, 
silver  nitrate  and  potassium  nitrate,  both  of  which  crystallize  in 
rhombic  prisms,  have  practically  identical  molal  heats  of  fusion. 
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while  sodium  nitrate  and  lithium  nitrate  which  crystallize  in  the 
hexagonal  system,  calcite  type,  show  no  such  equality,  nor  is  it 
apparent  with  chlorides  and  bromides  of  the  same  type.  Neither 
the  latent  heats  of  fusion  of  the  salts  themselves,  nor  the  differences 
in  them,  show  any  simple  functional  relationship  to  the  atomic 
weights  or  atomic  volumes  of  their  elements.  The  property  is 
clearly  not  additive,  nor  would  one  expect  it  to  be  so. 
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On  the  other  hand  a  number  of  well-known  thermodynamic  rela- 
tions involving  the  latent  heat  of  fusion,  e,  g.,  Van't  Hoff's  freezing 
point  formula,  Thomson's  pressure  formula  and  the  general  relation^ 


*  Planck,  Thermodynamik,  2d  ed.,  p.  144, 
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are  well  established,  and  data  like  the  above  are  necessary  for  the 
applications  of  these  formulae  to  specific  cases.     An  example  will 
be  considered  below. 
The  values  of  the  ratio 

X       molecular  heat  of  fusion 
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absolute  melting  point 


"  111  *F.  ♦ 


leo'  Zoo^  to    40    CO    eo   dod^  to 

Plot  10. 

given  in  column  six  are  seen  to  be  greater  than  four,  with  the 
exception  of  that  for  silver  bromide  for  which  the  ratio  is  3.4. 
Roozeboom  ^  has  shown  that  four  is  a  unique  value  for  this  ratio,. 
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in  that  all  substances  for  which  the  ratio  is  greater  than  four,  give 
ideal  melting  point  curves  for  their  dilute  solutions,  which  are  con- 
cave to  the  axis  of  concentrations. 

Specific  Heat  in  the  Solid  State,  —  For  our  knowledge  of  specific 

*  Heterogene  Gleichgcwichte,  II. ,  pp.  274  et  seq. 
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heat  relations  of  substances  in  the  solid  state  we  have  to  thank  in 
the  first  instance  Dulong  and  Petit,  and  later  Regnault,  and  espe- 
cially Kopp.  Thanks  to  the  two  last  named  investigators  we  pos- 
sess considerable  reliable  data  on  the  mean  specific  heat  of  inorganic 
salts  between  about  50^  and  room  temperature  and  100°  and  the 
same  temperature. 

These  data  afford  a  sufficient  verification  of  the  general  validity 
of  Kopp's  law,  with  however,  certain  pronounced  exceptions.  The 
atomic  heat  of  most  elements  is  shown  to  be  about  6.4,  for  oxygen 


4.0,  for  carbon  1.8,  etc.,  these  values  holding  for  temperatures  below 
100°.  Since  the  specific  heat  of  solids  in  general  increases  with 
rising  temperature,  we  should  expect  if  Kopp's  law  holds  at  the 
higher  temperatures  of  our  investigation  that  the  atomic  heats  would 
possess  corresponding  higher  values.  This  we  find  to  be  the  case. 
Thus  if  we  except  those  compounds  containing  oxygen,  which  at 
lower  temperatures  are  found  to  have  an  abnormally  low  atomic  heat, 
the  average  atomic  heat  for  the  elements  in  the  chlorides  and  bro- 
mides investigated  is  7.1,  this  value  holding  for  temperatures  from 
about  430°  to  500°,  the  melting  point  of  the  salts.     Thus  we  have 

AgCl  =  14.3 

TlCl  =  13.9 

AgBr  =  14.2 

TlBr  =  14.6 

Average  14.2 

Therefore  atomic  heat  of  Ag,  Tl,  CI  and  Br  is  14.2/2  =  7.1. 

Again 
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PbBr,  =  20.8 
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Average         21.2 

Therefore  atomic  heat  of  Pb,  CI  and  Br  =  21.2/3  =  7.1. 

The  atomic  heat  of  these  elements  increases  therefore  by  over  10 
per  cent,  for  a  rise  of  temperature  of  about  400°  C.  It  is  hoped 
that  a  more  detailed  investigation  of  the  variation  of  the  specific 
heat  with  the  temperature  for  substances  of  the  above  type  may  be 
undertaken  in  the  near  future. 
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The  molecular  heats  of  the  four  salts  containing  five  atoms  in  the 
molecule  agree  less  well  than  those  just  considered,  but  it  should 
be  noticed  that  they  are  not  all  referred  to  even  approximately  the 
same  temperature  as  the  melting  points  of  the  several  salts  vary 
between  wide  limits.  Omitting  lithium  nitrate,  which  is  so  hygro- 
scopic that  the  data  on  it  are  believed  to  be  much  less  reliable  than 
those  on  the  other  salts,  and  assuming  the  atomic  heat  of  potassium, 
sodium  and  nitrogen  to  be  that  just  computed,  namely,  7.  i  (probably 
somewhat  too  high  for  the  lower  temperatures  in  question),  we  have 
from  the  data 

KNO,=  29.5 

NaNO,  =  33.0 

AgNO,=  33.2 

NaClO,  =  32.4 
Average         32.0 

2  X  7.1  -h  30=  32.0 
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the  equation,  from  which  the  mean  value  of  the  atomic  heat  of 
oxygen  is  calculated  to  be  5.9.  With  this  value  we  may  calcu- 
late the  molecular  heat  of  potassium  bichromate  KjCr,Oy  as  follows : 
4  X  7.1  +  7  X  5.9  =  69.7.  The  observed  value  is  68.3  which  is 
in  better  agreement  with  the  computed  value  than  the  precision  of  the 
data  would  warrant  one  in  predicting. 

Specific  Heat  in  the  Liquid  State.  —  The  specific  heat  in  the  liquid 
state  of  each  salt  investigated  was  found  in  every  case  to  be  greater 
than  the  specific  heat  of  the  salt  in  the  solid  state.  This  is  in  accord 
with  the  few  previously  obtained  data  on  the  specific  heat  of  the 
same  substance  in  the  liquid  and  the  solid  state.  Thus  the  specific 
heat  of  solid  mercury  is  0.0319,  of  liquid  0.0535  J  solid  bromine 
0.0843,  liquid  0.1 109;  of  ice  0.48,  and  of  water  i.o.  The  most 
marked  increase  in  the  value  among  the  salts  which  we  investigated 
is  in  the  case  of  lead  chloride  and  bromide  and  the  still  more  com- 
plex salt  potassium  bichromate.  The  nitrates  show  the  least 
change.  The  great  increase  (over  100  per  cent),  observed  in  the 
specific  heat  of  water  in  passing  from  the  solid  to  the  liquid  form 
as  compared  with  the  slight  increase  observed  in  mercury,  is  prob- 
ably to  be  attributed  to  a  far  greater  change  in  the  molecular  con- 
dition of  the  former  substance  in  changing  state  than  in  the  latter. 
It  seems  not  unreasonable  to  assume  that  the  change  in  the  value 
of  the  specific  or  molecular  heat  of  a  substance  will  be  less,  the  less 
the  change  in  its  molecular  structure  as  it  passes  from  the  one  state 
to  the  other.  Hence  the  relatively  small  increase  in  the  specific 
heat  of  the  salts  investigated  as  they  pass  through  their  melting 
point  from  the  solid  to  the  liquid  condition  points  to  a  relatively 
slight  change  in  their  state  of  association  or  dissociation.  The 
marked  increase  in  the  electrical  conductance  of  these  salts  would 
therefore  on  this  supi>osition  be  due  not  to  an  increase  in  dissocia- 
tion but  to  an  increase  in  migration  velocity  of  the  ions  present 
resulting  from  the  enormously  increased  fluidity  of  the  molten  salt. 

The  fact  that  the  specific  heat  of  aqueous  solutions  of  inorganic 
salts  cannot  be  computed  from  the  specific  heat  of  water  and  of  the 
solid  salt^  indicates  that  when  the  salt  passes  into  a  highly  ionized 
state  as  a  result  of  solution,  its  heat  capacity  changes,  in  general 

»0»twald,  Lchrbuch,  Vol.  I.,  p.  602. 
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decreases,  since  the  observed  molecular  heat  of  a  solution  is  less 
than  the  calculated  value.  How  large  a  part  the  now  established 
phenomenon  of  hydration  of  the  ions  may  play  in  producing  this 
effect  is  open  to  question.  Reasoning  by  analogy  however  from  the 
results  on  solutions,  one  would  naturally  conclude  that  ionization 
of  a  salt  tended  to  diminish  its  heat  capacity  rather  than  to  increase  it. 

Recent  Investigations  on  Related  Subjects  Particularly 

WITH  Reference  to  the  Degree  of  Ionization  of 

Fused  Salts. 

Recently  there  appeared  an  article  by  Plato  ^  in  which  he  describes 
measurements  of  the  latent  heat  of  fusion  of  several  salts  of  high 
melting  point  such  as  sodium  chloride  and  barium  chloride,  by  a 
modification  of  Tamman's  cooling  curve  method,  together  with 
measurements  of  the  lowering  of  the  freezing  point  of  these  salts 
due  to  the  addition  of  small  quantities  of  a  second  salt.  Some  very 
interesting  results  were  obtained,  which,  however,  permit  of  quite  a 
different  interpretation  to  that  given  by  the  author. 

Plato  calculates  the  normal  lowering  of  the  freezing  point  due  to 

one  mol  of  solute  in  100  mols  of  solvent  according  to  Van't  Hoff's 

formula 

RT^  N 

and  compares  the  observed  with  the  calculated  value.  The  results 
which  he  obtained  are  given  below. 


Solvent. 

Solute. 

Calculated 
Depressioo. 
>C 

Observed 
Depression. 

KQ 

KF 

3.4 

3.2 

NaQ 

NaF 

3.2 

3.4 

KF 

KQ 

4.1 

4.0 

NaF 

NaO 

4.1 

3.4 

BaCl, 

BaF, 

5.3 

14.4 

SrQ, 

SrF, 

6.4 

1L6 

For  the  first  four  salts,  the  observed  depression  is  substantially 
equal  to  the  normal  calculated  value  from  which  he  concludes  that 
the  degree  of  dissociation  is  very  small.     Since  in  the  case  of  BaCl, 

»Zcit.  Phys.  Chem.,  58,  350,  1907 ;  55,  721,  1906. 
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and  BaFj,  the  solute  presumably  splits  into  three  ions,  and  since 
the  observed  depression  is  nearly  three  times  that  calculated,  Plato 
further  concludes  that  in  this  case  the  solute  is  nearly,  complete 
dissociation. 

Before  discussing  these  conclusions  further,  we  would  call  atten- 
tion to  a  theorem  first  demonstrated  by  Stortenbeker,^  namely,  that 
the  active  mass  of  a  liquid  phase  AB^  dissociating  into  components 
A  and  B,  is  not  changed  by  the  addition  of  a  small  quantity  of  A 
or  of  B,  and  it  will  therefore  remain  in  equilibrium  with  solid  AB 
without  change  in  freezing  point,  after  the  addition  of  small  quanti- 
ties of  either  A  or  B, 

A  shorter  proof  of  this  theorem,  recently  published  by  Lewis '  is 
based  upon  the  following  equation,  thermodynamically  deduced  by 
Duhem,  for  the  change  in  active  mass  of  various  constituents  of  a 
mixture  with  change  in  active  mass  of  any  one  of  them  : 


-|  =  o,  (I) 


in  which  f  is  the  active  mass  of  the  component  whose  molal  con- 
centration is  N.  For  a  fused  salt  such  as  KCl  for  example  this 
equation  becomes 


^Na  J  p.. 


O.  (2) 


From  the  mass  law 

V^^=  C  (constant).  (3) 


^K   X  ••CI 


•KCl 

Hence  taking  the  logarithm  of  both  sides  of  (3)  and  differentiating 
we  have 

^/«f K  +  ^^«f a  =  3ln$Kci'  (4) 

Since  K  and  CI  in  this  case  are  the  products  of  dissociation  of 
KCl,  it  follows  that 

Nk=Nc.  (s) 

Combining  (2),  (4)  and  (5),  we  have 

a^d/TKjsici  +  Nkci^/w?  Ka  =  0     or     d/ft$^ci  =  O,  (6) 

>Zeit.  Phys.  Chem.,  10,  183,  1892. 

«  Proc.  American  Academy,  October,  1907. 
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that  is,  the  activity  of  the  active  mass  of  the  liquid  KCl  is  not  changed 
by  the  addition  of  a  small  amount  of  K  (or  CI)  and  it  will  therefore 
remain  in  equilibrium  with  solid  KCl  without  change  of  freezing 
point. 

Applying  this  theorem  to  the  experimental  results  of  Plato,  we 
find  just  what  theory  would  lead  us  to  expect  in  the  case  of  the 
addition  of  a  small  amount  of  KF  to  KCl,  and  other  salts  of  the 
same  type.  The  common  ion  does  not  lower  the  freezing  point  of 
the  solution,  while  the  sum  of  the  concentrations  of  the  other  ion 
and  of  the  undissociated  portion  of  the  solute  is  constant  and  equal 
to  the  concentration  of  the  salt  added,  independent  of  its  degree  of 
ionization.  Hence  the  freezing  point  lowering  should  be  propor- 
tional to  the  total  concentration  of  added  salt,  as  observed.  This 
requires,  however,  that  the  solvent  itself^  e.  ^.,  fused  potassium  chlo- 
ride, be  highly  dissociated,  for  the  more  it  departs  from  the  state  of 
complete  dissociation  the  less  will  be  the  concentration  of  the  K 
ions  due  to  it,  and  hence  the  greater  the  tendency  of  the  K  ions 
coming  from  the  solute  %(^.  ^.,  KF)  to  change  the  active  mass  of 
that  component.  Thus  it  appears  from  Plato's  results,  that  the 
lowering  of  the  freezing  point  due  to  an  addition  of  as  great  an 
amount  as  3.5  mols  NaF  to  100  mols  of  NaCl  (and  corresponding 
concentrations  for  the  other  salts)  is  still  normal,  indicating  that  the 
concentration  of  Na  ions  in  the  fused  solvent  NaCl  must  be  very 
great.  In  other  words,  the  results  point  to  a  high  degree  of  disso^ 
ciation  of  the  pure  fused  salt. 

In  the  case  of  the  addition  of  barium  fluoride  to  barium  chloride 
and  similar  combinations,  Plato's  results  are  so  discordant  (owing 
doubtless  to  uncertainty  in  the  values  of  the  latent  heats  of  fusion) 
that  very  definite  conclusions  cannot  be  drawn.  Combinations  of 
binary  salts  offer,  however,  further  evidence  as  to  the  order  of  mag- 
nitude of  the  dissociation  of  the  fused  solvent.  This  point  was  first 
called  to  our  attention  by  Dr.  Bray  of  this  laboratory.  Consider, 
for  example,  the  lowering  of  the  freezing  point  of  fused  lead  chloride 
due  to  the  addition  of  a  small  amount  of  lead  bromide.  The  com- 
mon Pb  ion  of  the  PbBr,  would  here  again  be  inactive  in  lowering 
the  freezing  point  if  the  solvent  were  highly  dissociated  into  Pb  and 
CI  ions ;  but  in  this  case  there  would  be  two  Br  ions  for  every 
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equivalent  added  and  hence  twice  the  normal  lowering  would  be 
expected  if  the  degree  of  dissociation  of  both  solvent  and  solute 
were  complete.  To  test  this  prediction  we  determined  the  approx- 
imate freezing  point  lowering  with  these  two  salts,  using  a  sensitive 
thermoelement  for  a  thermometer.  Temperature  differences  of  0.05  ° 
could  be  readily  measured. 

Table  III. 


Qms.  PbCl,. 

Qms.  PbBr,. 

Calculated 
Depression. 

Observed 
Depression. 

Ratio. 

17.8 
32.9 
39.9 

odd 

L95 
2.15 
1.42 

3^14 
3.67 
2.44 

1.63 
1.71 
1.70 

These  few  approximate  measurements  serve  to  differentiate  this 
type  of  combination  from  that  of  a  common  ion  with  univalent  salts, 
and  make  it  very  probable  that  the  solvent  is  highly  dissociated. 

The  results  published  in  a  recent  paper  by  Foote  &  Levy  ^  also 
bear  out  the  above  conclusions.  These  investigators  dissolved 
small  quantities  of  a  series  of  salts  having  one  ion  in  common  with 
the  solvent  in  sodium  chlorate  and  determined  the  resulting  lower- 
ing of  the  freezing  point.  The  value  of  the  latent  heat  of  fusion  of 
sodium  chlorate  obtained  by  them  was  48.4  calories,  as  against 
49.6  obtained  by  us.  With  this  value  they  calculated  the  normal 
lowering  of  the  freezing  point  for  this  solvent,  and  the  molecular 
weight  of  the  various  solutes  studied,  by  the  usual  Van't  Hoff 
formula.  The  molecular  weights  calculated  in  this  way,  agree 
very  closely  with  the  normal  molecular  weights  for  concentrations 
as  great  in  some  cases  as  10  per  cent,  (by  weight).  The  agreement 
we  find  is  even  better  if  our  value  of  the  latent  heat  of  fusion  of 
sodium  chlorate  is  used.  In  this  case  the  differences  between  the 
observed  and  calculated  molecular  weight  do  not  exceed  a  few  per 
cent  for  the  following  solutes:  NaCl.  NaNO,.  NaBr,  Na^COj, 
Na,CrO„  NaF,  KCIO,,  CsClO,  and  Ba(C103)„  all  of  which  possess 
a  common  ion  with  the  solvent  sodium  chlorate. 

From  these  results  the  authors  conclude  that  there  is  no  poly- 
merization. They  point  out  that  the  data  give  no  clue  to  the 
degree  of  dissociation,  but  conclude  that  neither  solvent  nor  solute 

1  Am.  Chem.  Jour.,  37,  494,  1907. 
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can  be  approximately  completely  dissodated,  for  in  that  case,  they 
say,  there  would  result  the  same  lowering  of  freezing  point  whether 
KNOj  or  NaNOj  be  added  to  NaClO^.  Measurements  showed, 
however,  that  the  lowering  with  KNO,  was  twice  as  great  as  with 
NaNOj.  According  to  the  above  deduction,  however,  this  is  what 
should  occur  if  the  solvent  and  solutes  are  highly  dissociated.  For 
from  each  molecular  weight  of  NaNO,  or  KNO,  added,  there  would 
be  formed  two  mols  of  ions,  and  if  the  solvent  NaClO,  is  highly  dis- 
sociated into  Na  and  CIO3  ions,  the  common  Na  ion  from  the  NaNO, 
will  not  tend  to  lower  its  freezing  point  appreciably,  while  the  K  ion 
from  the  KNO,  will,  and  hence  the  lowering  should  be  twice  as 
great  in  the  latter  as  in  the  former  case.  This  is  what  Foote  & 
Levy  find  to  be  the  case,  and  hence  their  results  also  substantiate 
our  conclusion  that  pure  fused  salts  are  probably  highly  dissociated. 

Summary. 

1.  A  method  and  apparatus  were  devised  for  measuring  the  latent 
heat  of  fusion  of  substances  melting  up  to  about  600®  C;  this  con- 
stant was  determined  for  the  following  salts  :  KNO,,  NaNO,,  LiNO,, 
AgNOj,  AgCl.  TlCl,  PbClj,  AgBr,  TlBr,  PbBr,,  K,Cr,Oy  and 
NaClO,. 

2.  The  specific  heats  of  these  salts  at  temperatures  just  above  and 
just  below  their  melting  points  were  also  determined. 

3.  Kopp's  Law  was  found  to  hold  for  these  substances,  but  with 
an  atomic  heat  at  the  temperatures  employed  of  7.  i  instead  of  6.4, 
for  all  of  the  elements  investigated  with  the  exception  of  oxygen. 

4.  The  atomic  heat  of  oxygen  was  found  to  be  abnormal  as  it  is 
at  lower  temperatures,  with  a  value  of  5.9. 

5.  The  specific  heat  of  all  salts  investigated  is  slightly  greater  for 
the  liquid  than  for  the  solid  state. 

6.  No  stoichiometrical  relations  were  apparent  between  the  values 
of  the  latent  heat  of  fusion,  and  the  molecular,  atomic  or  crystallo- 
graphic  properties  of  the  salts  investigated. 

7.  The  values  of  the  latent  heat  of  fusion  of  certain  salts  were 
used  to  calculate  the  theoretical  lowering  of  the  freezing  point  of 
the  salts  due  to  the  solution  of  a  small  quantity  of  a  second  salt. 
These  values  were  compared  with  values  observed  by  other  inves- 
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tigators.     A  discussion  of  the  results  indicates  that  the  pure  fused 
salt  and  the  dissolved  salt  are  probably  both  highly  dissociated. 

8.  The  lowering  of  the  freezing  point  of  lead  chloride  due  to 
small  additions  of  lead  bromide  was  approximately  determined  and 
the  results  compared  with  the  theoretical  lowering  calculated  from 
the  latent  heat  of  fusion  of  lead  chloride.  The  results  again  point 
to  a  high  degree  of  ionization  of  both  solvent  and  solute. 
Massachusetts  Institute  of  Technology. 
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AN   EXPERIMENTAL  STUDY   OF   PHOTO-ACTIVE 

CELLS    WITH    FLUORESCENT 

ELECTROLYTES.     I.^ 

By  Percy  Hodge. 

THE  effect  of  light  on  the  electrical  conductity  of  cells  contain- 
ing a  fluorescent  electrolyte  has  been  studied  by  several  ex- 
perimenters, with  somewhat  conflicting  results. 

Cunningham  *  observed  a  small  increase  of  conductivity  in  the  case 
of  uranyl  nitrate  when  illuminated  by  the  light  from  an  arc  lamp, 
but  he  states  that  no  precautions  were  taken  to  protect  the  cell  from 
the  heat  of  the  arc,  and  that  therefore  his  results  are  not  trustworthy. 

Regner'  also  experimented  upon  solutions  of  eosin  and  fluores- 
cein in  water.  His  cell  was  so  arranged  that  the  liquid  was  in  con- 
stant motion  past  the  electrodes,  and  thus  the  danger  of  error  from 
heating  of  the  electrodes  or  liquid  was  largely  eliminated.  He  was 
unable  to  obtain  a  change  of  conductivity  as  great  as  o.  i  per  cent, 
in  either  case. 

Nichols  and  Merritt  *  tried  the  effect  of  light  upon  five  different 
fluorescent  compounds,  using,  instead  of  water,  absolute  alcohol  as 
the  solvent,  and  obtained  effects  ranging  from  0.05  per  cent,  increase 
of  conductivity  in  the  case  of  naphthalin-roth,  to  i.i  per  cent,  in  that 
of  eosin. 

Still  more  recently  Camichael  *  has  obtained  a  series  of  entirely 
negative  results,  and  suggested  that  the  precautions  taken  by  the  last 
named  experimenters  against  heat  effects  were  not  sufficient,  and 
that  the  change  of  conductivity  observed  by  them  was  probably  due 
to  this  cause. 

^A  summary  of  the  work  described  in  this  paper  was  presented  to  the  Physical 
Society  at  the  Washington  meeting,  April  24,  1908,  and  an  abstract  was  published  in 
the  Physical  Review,  Vol.  26,  p.  540,  June,  1908. 

•J.  A.  Cunningham,  Proc.  Camb.  Phil  Soc.,  Vol.  II.,  1902. 

»V.  K.  Regner,  Phys.  Zeit,  Vol.  4f  1903. 

*Phys.  Rev.,  Vol.  19,  1904. 

»M.  C.  Camichael,  Jour,  de  Phys.,  Vol.  4,  1905. 
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As  the  question  seemed  still  to  be  an  open  one  it  was  suggested 
to  the  author  by  Professor  Nichols  and  Professor  Merritt  that  he 
undertake  a  series  of  experiments  which  would,  if  possible,  give 
conclusive  evidence  as  to  whether  there  is  a  conductivity  change 
accompanying  the  phenomenon  of  fluorescence  or  not. 

The  author's  experience  in  this  line  of  work  had  been  very  slight 
indeed,  up  to  the  time  of  undertaking  the  above  problem.  There- 
fore he  though  it  advisable  to  first  repeat,  as  nearly  as  possible, 
some  of  the  experiments  of  Nichols  and  Merritt,  and  afterward  to 
go  on  from  that  point  to  a  systematic  and  thorough  study  of  the 
'subject. 

The  substance  first  chosen  for  experiment  was  eosin,  and  nearly 
all  the  results  to  be  described  in  the  following  paper  were  obtained 
with  this  substance.  As  solvent  absolute  alcohol  was  used,  and  in 
most  cases  the  solution  was  saturated  at  room  temperature. 

The  apparatus  used  by  Nichols  and 
•  Merritt,  and  described  by  them  in  their 

article,  was  copied  by  the  author  as 
nearly  as  possible  in  the  first  experi- 
ments,   various    modifications    being 
V^         made  from  time  to  time  as  the  work 
<i>        proceeded. 

The  essentials  of  the  apparatus  are 

shown  in  Fig.  i.     The  source  of  light 

I        [<r    A  was  a  Schuckert  arc  lamp  enclosed 

in  the  light  tight  cover  which  is  used 

— '— '  '    with  the  lamp  for  projection.     After 

^^r=:^       passing  through  a  pair  of  condensers 

the  beam  of  light  illuminated  the  slit 

5,  then  went  to  a  water  cell  W^  and 

thence  to  a  lens  and  crown  glass  prism, 

finally  forming  a  spectrum  on  the  front 

of  the  light  tight  box  Z?,  containing  the  cell  C.     D  was  provided 

with  a  sliding  front  by  which  the  light  could  be  admitted  to  the 

cell  C 

For  measuring  the  change  of  resistance  an  ordinary  Wheatstone 
bridge  was  used,  the  cell  being  placed  in  one  arm,  and  the  source 
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of  current  being  a  battery  of  gravity  cells,  the  number  of  which 
was  varied  as  will  be  seen  later.  A  very  sensitive  Sullivan  d'Arson- 
val  galvanometer  was  used  with  the  bridge,  the  resistance  of  which 
was  i,ioo  ohms.  The  galvanometer  was  fitted  with  a  concave 
mirror  of  four  feet  focus,  and  its  constant  with  the  scale  at  that  dis- 
tance was  90  X  iO~"  per  mm.  deflection. 

The  cell  used  to  contain  the  solution  was  a  small  rectangular 
glass  cell  6  cm.  deep  and  i  cm.  from  front  to  back  on  the  inside. 
In  this  were  placed  side  by  side,  and  at  a  distance  of  approximately 
a  millimeter  apart,  two  strips  of  platinum  foil  o.  i  mm.  in  thickness, 
5  cm.  long,  and  3  mm.  wide.  Behind  these  in  the  cell  was  placed 
a  piece  of  plate  glass,  holding  the  electrodes  pressed  against  the 
front  wall  of  the  cell,  and  itself  held  in  place  by  brass  springs 
between  it  and  the  rear  wall  of  the  cell.  A  section  of  the  cell  is 
shown  in  Fig.  2,  the  thickness  of  the  electrodes  and  other  dimen- 
sions of  the  cell  being  considerably  exaggerated.  The  dispersion 
of  the  prism  used  gave  a  visible  spectrum  at  the  point  where  the 
cell  was  placed  about  4  cm.  wide.  Thus  the  portion  of  the  spec- 
trum illuminating  the  narrow  space  i  mm.  wide  between  the  elec- 
trodes was  quite  small,  and  it  was  easy  to  select 


the  part  of  the  spectrum  producing  maximum     j  | '   '         "^  || 
fluorescence  without  including  the  rays  of  longer  p^    2. 

wave-length  which  would  be  likely  to  produce 
heat  disturbances.     In  the  case  of  the  eosin  cell  the  light  used 
was  at  the  infra  edge  of  the  green. 

The  fact  was  recognized,  as  had  been  done  by  Nichols  and  Mer- 
ritt,  that  polarization  eflects  would  make  it  impossible  to  obtain  the 
true  resistance  of  the  cell,  and  would  at  the  same  time  greatly 
reduce  the  sensitiveness  of  the  indications  of  change  of  conductivity 
due  to  light.  Nevertheless  the  method  in  which  a  direct  current 
was  used  was  found  to  give  much  greater  sensibility  than  any  of 
the  alternating  current  methods,  and  was  therefore  used,  as  an  indi- 
cation of  a  change  of  resistance  was  the  chief  thing  to  be  looked 
for. 

When  the  cell  was  first  set  up  great  difficulty  was  experienced 
in  obtaining  a  balance,  the  drift  toward  higher  values  of  the  resist- 
ance being  quite  rapid  and  continuing  for  several  hours.     This  was 


Digitized  by 


Google 


28  *  PERC\  HODGE.  [Vol.  XXVIII. 

at  first  thought  to  be  due  entirely  to  polarization,  but  it  was  found 
that  if  the  top  of  the  cell  was  covered  so  tightly  that  evaporization 
was  prevented  the  drift  lasted  for  only  a  short  time,  after  which  a 
comparatively  steady  condition  was  reached,  and  quite  accurate 
measurements  were  possible.  At  no  time  was  the  cell  absolutely 
free  from  a  very  slow  drift,  always  toward  higher  resistance,  and 
probably  due  partly  to  polarization  and  partly  to  a  very  gradual 
decomposition  of  the  electrolyte.  Evidence  of  the  latter  was  seen 
in  a  very  narrow  strip  of  colorless  liquid  which  was  observed  along 
the  inner  edge  of  the  anode  after  several  hours  of  application  of  the 
current.  On  account  of  this  decomposition  most  of  the  tests  were 
made  with  cells  which  had  been  freshly  set  up,  the  electrodes  being 
removed  and  carefully  cleaned  between  each  two  of  the  sets  of  tests. 

The  method  of  the  experiment  was  as  follows.  After  the  appa- 
ratus had  been  set  up  and  the  cell  placed  in  its  dark  box  the  slide 
was  raised  and  the  cell  so  adjusted  in  the  spectrum  that  the  liquid 
between  the  electrodes  became  brilliantly  fluorescent.  The  slide 
was  then  dropped,  shutting  off  the  light,  and  a  balance  obtained 
with  the  bridge.  In  the  measurements  to  be  described  in  the  first 
part  of  this  paper  the  resistance  of -^^  (see  Fig.  i)  was  in  nearly 
every  case  10,000  ohms,  that  of  J?,  was  50,000  ohms,  and  R^  was 
adjusted  to  suit  the  resistance  to  be  measured.  As  it  was  impos- 
sible to  set  the  electrodes  at  exactly  the  same  distance  from  each 
other  when  the  cell  was  set  up  at  various  times  the  apparent  resist- 
ances differed  from  each  other  greatly  during  different  sets  of  read- 
ings. Also  the  polarization  E.M.F.  in  the  case  of  eosin  was  found 
to  be  over  two  volts.  Therefore  when  two  gravity  cells  were  used 
the  resistance  was  much  higher  than  when  four  were  used.  When 
the  applied  E.M.F.  was  two  volts  the  resistances  ran  between  two 
and  three  thousand  ohms.  The  sensibility  of  the  bridge,  of  course, 
varied  with  the  magnitude  of  the  cell  resistance,  and  when  readings 
were  being  taken  the  sensibility  was  frequently  tested  by  reading 
the  deflection  of  the  galvanometer  produced  by  changing  the  vari- 
able arm  by  a  known  amount. 

After  the  cell  had  stood  in  darkness  long  enough  to  obtain  a 
fairly  steady  condition  of  the  bridge,  the  slide  was  suddenly  removed 
and  the  cell  illuminated. 
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With  two  volts  as  the  applied  E.M.F.  the  result  was  an  immediate 
and  very  large  decrease  of  resistance,  the  amount  of  resistance 
change  required  in  the  variable  arm  to  restore  a  balance  indicating 
as  high  as  ten  or  fifteen  per  cent,  increase  of  conductivity.  When 
the  light  was  shut  off  the  cell  returned  immediately  to  nearly  the 
same  resistance  which  it  had  before  illumination.  The  test  was 
repeated  many  times  and  on  different  days,  and  always  with  about 
the  same  results.  As  the  effect  was  vastly  larger  than  any  that  had 
been  anticipated  it  seemed  advisable  to  see  if  it  could  in  any  way 
be  due  to  heating  of  the  liquid.  With  this  end  in  view  the  tempera- 
ture coefficient  of  the  solution  was  determined  in  the  following 
manner.  A  balance  was  obtained  at  the  temperature  of  the  room. 
Then  the  cell  was  surrounded  with  ice  water  and  a  balance  again 
obtained.  Lastly  the  ice  water  was  drawn  off  and  the  cell  allowed 
to  regain  the  temperature  of  the  room.  The  first  and  last  values  of 
the  apparent  resistance  were  in  turn  subtracted  from  the  second  and 
then  averaged.  The  result  showed  a  temperature  coefficient  between 
zero  and  20  degrees  of  not  more  than  1.5  per  cent,  per  degree. 
The  effect  of  the  light  was  also  tried  while  the  cell  was  in  ice  water 
and  found  to  be  apparently  about  as  large  as  at  room  temperature. 
These  tests  seemed  to  preclude  the  possibility  of  any  considerable 
portion  of  the  effect  being  attributable  to  heat.  An  additional  reason 
why  the  effect  should  not  be  attributed  to  heat  was  mentioned  by 
Nichols  and  Merritt  in  their  article,  namely,  the  fact  that  the  change 
of  conductivity  took  place  within  an  exceedingly  short  time  after  the 
light  was  thrown  on  the  cell,  and  after  the  light  was  shut  off  the 
cell  immediately  resumed  its  former  state.  This  fact  was  confirmed 
by  the  author's  experiments,  the  time  required  for  the  change  to 
take  place  being  apparently  considerably  less  than  a  second,  and 
the  decay  of  the  effect  taking  about  the  same  time. 

The  next  step  in  the  work  was  a  series  of  tests  with  the  same  cell 
and  solution,  but  using  four  gravity  cells  in  series  as  the  source  of 
E.M.F.  A  difference  of  effect  from  that  obtained  with  two  cells 
was  expected,  as  with  two  cells  only  a  very  small  current  could 
possibly  have  passed  through  the  cell  since  the  applied  E.M.F.  was 
not  equal  to  the  E.M.F.  of  polarization,  while  with  four  volts  the  cur- 
rent flowing  was  of  considerable  magnitude.     The  effect  anticipated 
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was  one  similar  to  the  first  but  of  smaller  magnitude.  When  the 
light  was  thrown  on  the  cell,  however,  the  surprising  result  was 
obtained  of  a  large  increase  of  resistance  instead  of  a  decrease  as  in 
the  former  experiments.  The  effects  were  produced  as  promptly  as 
those  of  the  preceding  experiments  and  died  away  nearly  as  quickly. 

Here  was  something  quite  puzzh'ng,  and  which  apparently  con- 
tradicted any  theory  that  might  be  advanced  in  regard  to  the  first 
effect.  If  the  remarkable  decrease  of  resistance  observed  in  the  first 
experiments  was  due  to  electrons  set  free  by  ionization  of  the  solu- 
tion accompanying  the  phenomenon  of  fluorescence  it  seemed  highly 
improbable  that  an  increase  of  resistance  would  be  produced  by 
light  under  any  conditions  whatever.  Further,  both  effects  were 
entirely  too  large  to  be  satisfactorily  accounted  for  by  any  theory 
analogous  to  that  applied  to  the  ionization  phenomena  in  gases, 
phenomena  which  it  might  be  supposed  would  very  probably  accom- 
pany fluorescence. 

Again,  if  the  decrease  of  resistance  in  the  first  case  were  due  to 
ionization  of  the  nature  of  that  produced  in  gases,  it  should  be  greater 
in  dilute  solutions  than  in  concentrated,  since,  owing  to  the  greater 
penetration  of  the  light  into  a  dilute  solution  the  number  of  mole- 
cules affected  would  be  as  great  as  in  a  concentrated  solution,  while, 
owing  to  the  greater  distance  between  the  molecules,  the  mean  free 
path  of  the  ions  would  be  greater  and  therefore  recombination  less 
rapid.  A  number  of  experiments  were  made  by  diluting  the  satu- 
rated solution  with  two,  four  and  six  parts  by  volume  of  alcohol, 
and  the  effects  were  found  to  be  diminished,  even  in  the  solution 
with  two  parts  of  alcohol,  to  not  above  a  change  of  i  per  cent,  in 
resistance. 

In  order  to  vary  the  conditions  it  was  thought  worth  while  to  try 
next  a  cell  in  which,  as  in  Regner's  experiments,  the  liquid  could 
be  kept  moving  past  the  electrodes  while  being  illuminated.  All  pos- 
sible heat  effects  would  be  in  this  way  eliminated,  and  some  light 
might  by  thrown  upon  the  nature  of  the  phenomena  which  would 
not  be  brought  out  when  the  liquid  was  at  rest.  A  cell  was  there- 
fore prepared  in  the  following  manner,  again  copying  the  design  of 
one  used  by  Nichols  and  Merritt. 

A  glass  tube  of  5  mm.  internal  diameter  was  drawn  down  at  its 
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middle  point  to  a  capillary  about  a  millimeter  in  outside  diameter  and 
1.5  cm.  in  length.  Into  the  larger  parts  of  the  tube,  at  either  end 
of  the  capillary  were  led  platinum  wires  in  the  form  of  spirals  to  serve 
as  electrodes.  The  upper  end  of  the  tube  was  attached  to  a  tubu- 
lated bottle  to  serve  as  a  reservoir  for  the  liquid.  To  the  lower 
end  of  the  tube  was  attached  a  capillary  tube  to  hold  the  liquid 
back  and  keep  the  capillary  full.  With  this  apparatus  the  liquid 
could  be  illuminated  while  flowing  through  the  capillary  at  any  rate 
desired.  A  number  of  tests  were  made  with  the  appa- 
ratus, and  in  all  cases  the  results  were  entirely  nega- 
tive. The  form  of  the  cell  was  such,  however,  that  its 
resistance  was  much  larger  than  that  of  any  of  the  cells  *^*^*  ^* 
previously  tried,  and  as  the  sensitiveness  of  the  bridge  was  much 
less  under  these  conditions  than  when  the  resistance  was  less,  the 
results  were  looked  upon  with  some  suspicion. 

Another  form  of  circulation  cell  was  therefore  devised  which  was 
free  from  the  above  objection. 

A  piece  of  glass  tubing  was  obtained  from  the  Taylor  Ther- 
mometer Co.  of  Rochester,  whose  internal  cross-section  was  almost 
that  of  a  figure  8,  except  that  where  the  two  loops  of  the  eight  would 
cross  one  another  there  was  an  opening  between  them  about  o.j 
mm.  in  width.  In  a  short  length  of  this  tubing  were  placed  two 
No.  16  platinum  wires,  each  having  a  length  of  five  centimeters. 
The  wires  were  parallel  to  one  another  in  the  two  loops  of  the  8, 
and  from  the  end  of  each  a  small  platinum  wire  was  led  out 
through  the  walls  of  the  tube.  There  was  thus  left  (see  Fig.  3 
which  shows  an  enlarged  cross-section  of  the  cell)  a  narrow  space 
between  the  electrodes  through  which  the  liquid  could  flow,  the 
electrodes  themselves  almost  filling  the  loops  of  the  8.  Below  the 
electrodes  the  tube  was  drawn  down  to  a  coarse  capillary  to  make 
it  possible  to  keep  the  space  between  the  electrodes  filled  with 
liquid,  and  the  upper  end  of  the  tube  was  attached  to  a  tubulated 
bottle  as  in  the  last  experiment.  By  illuminating  the  contracted 
part  of  the  tube  between  the  electrodes  a  moving  strip  of  liquid 
about  0.3  mm.  wide  and  o.i  mm.  from  front  to  back  could  be 
excited  to  fluorescence,  while  the  current  flow  was  from  side  to  side 
of  the  strip  at  right  angles  to  its  length. 
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Upon  connecting  the  cell  to  the  bridge  it  was  found  that  its 
resistance  reached  a  steady  value  almost  immediately  after  the  cur- 
rent was  turned  on,  and  retained  the  same  value  as  long  as  the 
motion  of  the  liquid  continued. 

The  movement  of  the  liquid  was  quite  rapid,  the  time  required  to 
empty  the  400-c.c.  reservoir  being  about  ten  minutes.  As  the 
whole  space  between  the  electrodes  could  not  have  held  more  than 
0.1  c.c.  a  complete  change  of  liquid  between  the  electrodes  could 
not  have  occupied  more  than  a  fifth  of  a  second. 

Numerous  tests  were  made  with  this  apparatus,  but  in  no  case 
was  there  any  evidence  of  a  change  of  conductivity  while  the  liquid 
was  in  motion.  When,  however,  the  lower  end  of  the  tube  was 
stopped  the  effects  reappeared,  though  they  were  not  as  marked  as 
in  the  original  type  of  cell.  The  sensibility  of  the  bridge  as  used  in 
these  tests  was  at  least  0.0 1  per  cent.  ^Therefore  it  seems  fair  to 
conclude  that  there  could  not  have  been  any  appreciable  effect  due 
to  electrons  set  free  at  the  instant  fluorescence  began  in  any  part  of 
the  liquid,  unless  this  effect  required  a  considerable  time  to  make 
itself  known.  Unless  the  free  electrons  traveled  very  slowly  indeed 
it  would  seem  likely  that  some  of  them  at  least  would  reach  the 
electrodes  and  produce  greater  conductivity,  even  when  the  liquid 
was  moving  as  fast  as  in  the  above  experiments. 

Attention  was  next  given  to  the  study  of  the  effects  at  the  two 
electrodes  separately  and  to  the  liquid  between  them,  to  find  out,  if 
possible,  just  where  the  phenomena  took  place  which  caused  the 
Conductivity  changes. 

As  nothing  but  negative  results  were  to  be  obtained  from  a  circu- 
lation cell  the  original  type  of  cell  was  again  adopted,  and  in  the 
front  of  the  box  D  of  Fig.  i  was  placed  a  screen  with  a  vertical  slit 
cut  in  it  about  4  mm.  wide.  By  placing  the  cell  behind  this  screen 
in  such  a  manner  that  only  one  electrode  could  be  seen  from  the 
front  of  the  box  through  the  slit,  it  was  possible  to  observe  the 
effect  of  illuminating  one  electrode  at  a  time,  the  other  being  in 
darkness  behind  the  screen.  With  this  arrangement  and  two 
gravity  cells  the  effect  was  tried  on  anode  and  kathode  in  turn. 
When  the  anode  was  exposed  the  effect  was  very  small,  while  on 
the  contrary  when  the  kathode  was  exposed  the  effect  was  found 
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to  be  about  as  large  as  when  both  were  exposed.  As  some  of  the 
liquid  between  the  electrodes  was  illuminated  in  either  case  it  was 
not  certain  whether  the  effect  was  produced  only  at  the  elec- 
trode or  whether  the  liquid  at  a  distance  from  the  electrode  also 
played  its  part  in  it.  Therefore  the  question  as  to  what  would 
happen  when  the  electrodes  were  both  covered  and  the  liquid 
between  them  exposed  had  next  to  be  settled. 

To  this  end  several  different  arrangements  of  the  cell  were  tried. 
The  first  tests  were  with  the  same  electrodes  which  had  been  used 
in  the  earlier  type  of  cell,  but  in  front  of  each  of  them  was  placed  a 
thin  strip  of  hard  rubber  0.15  mm.  thick,  projecting  just  beyond  the 
platinum  strip  so  as  to  completely  screen  it  from  the  light,  but  so 
as  to  leave  about  eighty  per  cent,  of  the  liquid  between  the  electrodes 
exposed  to  the  light. 

With  this  arrangement  no  effect  could  be  obtained  by  illumi- 
nation. However,  it  was  felt  that  the  test  was  not  very  conclusive 
as  the  total  thickness  of  the  film  of  liquid  acting  as  conductor 
between  the  electrodes  was  that  of  both  the  electrode  and  the 
rubber  strip,  and  as  the  absorption  coefficient  of  a  saturated  solution 
of  eosin  is  very  large  it  was  not  at  all  certain  that  the  whole  thick- 
ness of  the  layer  was  illuminated,  so  as  to  be  fully  excited  to 
fluorescence. 

In  order  to  overcome  this  difficulty  another  type  of  cell  was  con- 
structed after  the  following  manner  : 

A  block  of  hard  rubber  was  sawed  of  such  shape  and  size  as 
nearly  to  fit  the  rectangular  cell  used  in  most  of  the  experiments. 


^^^  I" ■ 


Fig.  4.  Fig.  5. 

The  block  was  then  clamped  to  another  block  of  ebonite  and  with  a 
^4nch  drill  two  holes  were  bored  between  the  blocks  in  such  a 
manner  as  to  leave  in  each  block  a  pair  of  grooves  of  semi-circular 
cross-section,  and  separated  from  each  other  by  a  narrow  strip  ap- 
proximately 2  mm.  wide.  The  block  that  had  been  sawed  to  fit  the 
cell  was  then  placed  in  the  cell  and  two  L-shaped  electrodes  placed 
in  the  grooves  in  the  positions  shown  in  Fig.  5,  which  illustrates  a 
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section  of  the  cell  with  block  and  electrodes  in  place.  It  will  be  seen 
from  the  figure  that  the  electrodes  hold  the  ebonite  block  back  from 
the  front  wall  of  the  cell  so  as  to  leave  a  film  of  liquid  of  the  thick- 
ness of  the  platinum  strips  between  the  two  grooves  when  the  cell 
is  filled  with  liquid.  The  electrodes  themselves  in  this  cell  offered 
a  broad  conducting  surface,  while  being  entirely  away  from  the  thin 
film  of  liquid  between  the  grooves.  This  film  could  be  perfectly 
illuminated,  was  isolated  from  the  electrodes,  and  at  the  same  time 
included  a  large  part  of  the  total  resistance  between  the  electrodes. 

Careful  tests  were  made  with  this  cell  and  the  results  were  entirely 
negative,  though  the  resistance  of  the  cell  was  quite  low  compared 
with  others  that  had  been  tried,  averaging  about  40,0(X)  ohms  with 
saturated  solution,  and  the  sensibility  of  the  bridge  was  as  high  as 
o.cx)5  per  cent.  Also  the  condition  of  the  cell  within  a  few  minutes 
after  it  was  set  up  was  very  steady  indeed,  and  a  slight  change  of 
conductivity  would  have  been  readily  detected. 

In  addition  to  the  saturated  solution  a  solution  of  five  parts 
alcohol  to  one  of  saturated  eosin  solution  was  tried  with  both  two 
and  four  volts  E.M.F.,  but  likewise  with  entirely  negative  results. 
From  the  results  of  these  last  experiments  the  author  was  convinced 
that  a  change  of  conductivity  in  the  liquid  itself,  except  at  or  very 
near  the  electrodes,  did  not  take  place  when  fluorescence  was 
produced. 

Attention  was  therefore  given  to  the  phenomena  at  the  electrodes 
themselves. 

It  had  frequently  been  observed  that,  however  smooth  the  strips 
of  platinum  were  when  they  were  placed  in  the  cell,  and  however 
tightly  they  were  clamped  against  the  front  wall,  when  the  solution 
was  poured  in  a  thin  film  of  liquid  immediately  crept  up  between  the 
electrodes  and  the  front  wall  of  the  cell.  There  seemed,  therefore, 
to  be  two  regions  in  which  the  effects  might  be  produced,  either  at 
the  inner  edges  of  the  electrodes  or  in  the  region  in  front  of  the  elec- 
trodes or  in  both  places  at  once. 

From  a  variety  of  minor  indications  which  had  been  noticed  from 
time  to  time  the  author  was  convinced  that  the  main  effect  was  to 
be  looked  for  in  the  thin  film  and  not  at  the  edges  of  the  electrodes. 
In  order  to  test  the  matter  the  effect  was  first  tried  of  placing  thin 
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Strips  of  ebonite  in  front  of  the  electrodes  as  in  one  of  the  previous 
experiments,  but  instead  of  covering  the  electrodes  the  ebonite  strips 
were  only  allowed  to  cover  the  extreme  outer  edges  of  the  platinum 
strips,  thus  leaving  nearly  the  whole  of  the  electrodes  exposed  to 
the  light,  but  behind  a  layer  of  liquid  a  number  of  times  as  thick  as 
the  capillary  film  formed  when  the  electrodes  were  against  the  front 
wall  of  the  cell.  The  change  of  conductivity,  though  still  present, 
was  found  to  be  very  greatly  diminished. 

As  mentioned  in  connection  with  a  previous  experiment,  the  re- 
duction of  the  effect  might  easily  have  been  due  to  the  absorption 
of  the  light  by  the  thick  layer  of  liquid  in  front  of  the  electrodes  so 
that  fluorescence  did  not  occur  very  near  the  surface  of  the  platinum 
strips. 

A  second  arrangement  was  then  tried  in  which  the  platinum 
strips  were  separated  from  the  front  wall  of  the  cell  by  strips  of 
lantern  slide  cover  glass  a  millimeter  in  thickness.  The  inner  edge 
of  each  electrode  (see  Fig.  5)  was  allowed  to  project  slightly  beyond 
the  edge  of  the  glass. 

Thus  the  capillary  film  between  the  electrode  and  strip  of  cover 
glass  could  be  illuminated  while  the  inner  edge  of  the  electrode 
was  completely  screened  from  the  light  by  a  thick  layer  of  liquid. 
When  the  light  was  turned  on  this  cell  the  effects  were  found  to  be 
present  in  as  great  a  degree  as  when  the  whole  of  the  electrode  had 
been  illuminated. 

Lastly  the  platinum  strips  were  again  placed  against  the  front 
wall  of  the  cell  and  the  inner  edges  covered  while  the  rest  of  the 
electrodes  was  illuminated.  Again  the  effect  was  present,  as  was 
to  be  expected. 

The  conclusion  arrived  at  from  the  various  tests  was  that,  in  the 
first  place,  no  effect  is  produced  by  light  upon  the  conductivity  of  a 
fluorescent  solution  unless  a  region  very  near  the  electrodes  is 
illuminated  and  that  further,  this  effect  at  the  electrodes  is  only 
produced  in  a  very  thin  film  of  the  liquid  immediately  in  contact 
with  the  surface  of  the  plates. 

It  may  be  well  to  state  at  this  point  that,  while  no  reference  has 
thus  far  been  made  to  a  variation  of  the  effects  in  different  parts  of 
the  spectrum,  frequent  tests  were  made  in  all  of  the  experiments 
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described,  to  see  if  the  effects  could  be  produced  by  parts  of  the 
spectrum  which  did  not  produce  fluorescence.  In  all  of  these  tests 
the  effects  obtained  were  either  very  feeble  or  entirely  lacking. 
Thus,  in  the  red,  where  the  energy  of  the  arc  is  the  greatest,  but 
where  no  fluorescence  was  to  be  detected,  no  effects  were  observed 
which  were  as  great  as  0.2  per  cent,  either  way.  Thus  the  frequent 
references  to  fluorescence  in  connection  with  the  effects  observed 
seem  entirely  justified. 

The  next  step  undertaken  in  the  investigation  was  a  study  of  the 
variation  of  the  effects  at  anode  and  kathode  with  varying  potential 
difference  at  the  terminals  of  the  cell. 

For  this  purpose  the  original  form  of  cell  was  adopted,  with  elec- 
trodes o.  1 5  mm.  thick  and  3  mm.  wide,  placed  next  to  the  front 
wall  of  the  cell  and  3  mm.  apart.  The  greater  distance  between 
the  electrodes  was  adopted  so  that  while  one  of  the  plates  was  being 
illuminated  no  stray  light  could  reach  the  other  electrode.  The 
greater  thickness  of  the  electrodes  was  necessary  in  order  to  keep 
the  resistance  of  the  cell  as  low  as  possible,  and  in  view  of  the  results 
of  previous  work  could  not  materially  affect  the  sensibility  of  the 
cell. 

The  screen  in  the  front  of  the  light  tight  box  D  was  so  arranged 
that  the  cell  could  be  moved  into  a  position  to  expose  either  elec- 
trode to  the  light  without  having  to  raise  the  slide  in  the  front  of 
the  box  to  make  the  adjustment. 

As  a  source  of  E.M.F.  a  set  of  four  sal-ammoniac  cells  was  first 
used,  but  as  these  were  found  to  drop  slightly  in  voltage  during  a 
run,  a  pair  of  storage  cells  was  substituted  for  them.  The  cells 
were  connected  to  the  ends  of  a  rheocord,  consisting  of  ten  meters 
of  manganin  wire,  and  sliding  contacts  were  arranged  so  that  any 
desired  potential  difference  could  be  obtained  at  the  bridge  terminals, 
up  to  the  limit  of  the  cells. 

To  the  bridge  terminals  were  also  attached  leads  from  a  large 
Weston  milli-voltmeter,  a  resistance  being  placed  in  a  series  with 
the  meter,  and  the  whole  calibrated  to  a  total  range  of  1 5  volts. 
With  this  arrangement  it  was  found  easy  to  obtain  the  potential 
difference  between  the  terminals  of  the  bridge  with  an  accuracy  of 
.01  of  a  volt,  and  any  given  value  of  the  potential  difference  could 
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be    maintained  ]  constant  throughout    the    time    needed   for    the 
readings. 

For  greater  simplicity  in  computation,  and  to  make  it  possible  to 
maintain  the  potential  difference  between  the  terminals  of  the  cell 
at  a  constant  ratio  to  the  voltmeter  reading,  the  bridge  arms  were 
arranged  as  follows  (see  Fig.  \)\  R^  62,500  ohms, /?^  10,000  ohms, 
and  /?j  a  ioo,ooo-ohm  box  to  be  used  as  the  variable  resistance. 
Thus,  unless  in  a  case  where  the  resistance  of  the  cell  was  so  great 
that  the  10,000-ohm  box  had  to  be  varied,  the  fall  of  potential 
across  the  cell  terminals  was  nearly  86  per  cent,  of  the  voltmeter 
reading. 

The  change  of  resistance  due  to  the  illumination  was  estimated 
in  two  different  ways,  depending  on  the  magnitude  of  the  effect  If 
the  galvanometer  reading  remained  on  the  scale  when  the  cell  was 
illuminated,  a  reading  of  the  deflection  was  taken,  then  the  illumina- 
tion stopped  and  a  second  reading  taken  and  the  two  averaged. 
A  plug  was  then  inserted  in  the  io,ooo-ohm  box,  the  change  of 
galvanometer  reading  obtained,  then  the  plug  was  removed,  a  sec- 
ond reading  taken  and  the  two  averaged.  Assuming  that  the 
galvanometer  deflection  was  proportional  to  the  change  of  resistance 
in  the  10,000-ohm  box,  the  number  of  scale  divisions  corresponding 
to  a  change  of  one  ohm  or  one  part  in  ten  thousand  was  easily 
obtained.  As  increase  or  decrease  in  the  apparent  resistance  of 
the  cell  would  produce  the  same  change  in  the  potential  difference 
at  the  galvanometer  terminals  as  the  same  percentage  decrease  or 
increase  of  the  resistance  in  R^,  it  was  easy  to  get  quite  satisfactory 
estimates  of  the  change  produced  by  the  illumination.  If  the  effect 
of  the  light  was  great  enough  to  throw  the  galvanometer  off  the 
scale,  a  balance  was  restored  by  changing  the  resistance  in  Ry  The 
light  was  then  shut  off  and  a  second  balance  was  obtained,  and 
from  the  average  of  the  two  changes  in  R^  the  change  of  resistance 
of  the  cell  was  calculated. 

Curves  were  plotted,  using  potential  differences  at  the  cell  ter- 
minals as  abscissas,  and  change  of  conductivity,  i,  ^.,  reciprocals 
of  resistance  changes,  as  ordinates.  Eight  curves  are  shown  in  the 
accompanying  figures.  Each  value  of  the  conductivity  change  is  the 
average  of  at  least  two  readings,  taken  at  intervals  of  five  minutes 
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time.     These  curves  are  typical  of  a  large  number  that  were  obtained 
in  a  similar  manner. 


« 

C 

40m 

MW 

"^ 

V 

N^ 

\ 

k 

r^^i 

V  " 

\ 

t 

s. 

^ 

V, 

> 

f 

s 

"V 

/ 

dv 

^ 

V 

._^ 

^ 

/ 

N; 

\ 

^ 

^ 

^ 

|m 

< 

c. 

"^ 

^.-m 

•4$ 

•^ 

'^ 

^ 

4 

J 

u 

u 

■  -I 

* — ' 

A« 

Jl 

4< 

4 

Fig.  6. 

Owing  to  the  variation  in  the  intensity  of  the  arc  light  used,  and 
to  the  difficulty  of  setting  up  the  cells  in  exactly  the  same  manner 
each  time,  the  magnitude  of  the  effects  obtained  varies  considerably 
in  different  curves.  Nevertheless  the  character  of  the  effects  ob- 
tained did  not  vary  greatly. 

In  curves  i  and  2,  3  and  4  (Figs.  6  and  7)  the  kathode  and 
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anode  were  illuminated  alternately  throughout  the  experiment. 
Each  value  of  the  change  of  conductivity  is  the  average  of  at  least 
two  measurements,  made  at  intervals  of  five  minutes  from  the  end  of 
one  measurement  to  the  beginning  of  the  next.  It  will  be  noticed 
that  the  kathode  shows  at  low  voltage  a  large  decrease  of  resistance 
due  to  the  light,  followed  by  a  considerable  increase  of  resistance  as 
the  voltage  rises.  On  the  anode  the  effect  at  low  voltage  is  just  the 
opposite  to  that  on  the  kathode  and  changes  sign  as  the  voltage  rises 
as  in  the  case  of  the  kathode. 

It  will  be  noticed  that  the  change  of  sign  of  the  effect  occurs  con- 
siderably earlier  in  the  case  of  the  anode  than  in  that  of  the  kath- 
ode. The  result  of  this  is  that  for  a  considerable  range  of  voltage 
both  electrodes  show  a  decrease  of  resistance  with  the  light.  As 
this  region  happens  to  include  the  voltage  obtained  when  two  gravity 
cells  were  used  as  the  source  of  current,  it  is  not  surprising  that  a 
large  decrease  of  resistance  was  observed  in  the  first  experiments, 
when  both  electrodes  were  exposed  to  the  light  at  once. 

As  the  curves  showed  that  the  effects  on  the  two  electrodes  were 
in  general  of  opposite  sign,  it  was  thought  advisable  to  arrange  a 
cell  so  that  one  electrode  could  be  studied  at  considerable  length, 
and  with  a  certainty  that  no  complications  would  be  introduced  by 
stray  light  reaching  the  other  electrode. 

In  order  to  have  the  electrodes  as  far  apart  as  possible,  and  still 
to  keep  the  resistance  of  the  cell  within  reasonable  limits,  the  elec- 
trode to  be  exposed  was  alone  fixed  in  the  front  of  the  cell,  clamped 
to  the  front  wall  in  front  of  and  very  near  the  edge  of  a  narrow  strip 
of  glass.  The  other  electrode  was  made  L-shaped,  nearly  a  centimeter 
being  the  length  of  each  leg  of  the  L  cross-section.  This  electrode 
was  placed  in  the  main  part  of  the  cell  with  the  base  of  the  L  toward 
the  side  of  the  cell  away  from  the  light  source.  This  arrangement 
insured  a  very  large  electrode  surface  and  also  an  average  cross- 
section  of  the  liquid  between  the  electrodes  sufficient  to  make  up  for 
the  greater  distance  between  them.  It  also  served  to  concentrate 
the  greater  part  of  the  resistance  at  the  electrode  to  be  illuminated. 
As  the  kathode  effect  seemed  the  most  promising  for  furthei 
study  the  current  was  sent  through  the  cell  from  the  large  electrode 
to  the  one  to  be  exposed. 
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A  number  of  runs  were  made  with  this  cell  and  from  the  results 
curves  were  plotted,  of  which  5,  6,  7  and  8  are  typical  specimens 
(Figs.  8,  9  and  10).  It  will  be  seen  that  the  effects  are  considerably 
greater  than  those  obtained  in  the  former  experiments,  and  also  that 
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Fig.  8. 

the  form  of  curve  obtained  is  in  general  more  regular  than  the  others. 
The  peculiar  rise  of  the  effect  after  the  large  decrease  shown  in  the 
first  part  of  the  cjurve  does  not  appear  to  be  accidental,  but  is  com- 
mon to  almost  all  the  curves  plotted  for  the  kathode  effect. 
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Fig.  9. 
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Curves  7  and  8  were  made  to  ascertain  the  effect  which  the 
previous  history  of  the  cell  might  have  on  the  action  of  the  light. 
Curve  7  was  obtained  in  the  usual  way,  and  immediately  after  a  run 
was  made,  without  changing  the  cell,  but  beginning  with  high 
voltage  and  reducing  the  voltage  by  the  same  steps  that  had  been 
used  in  going  up, 
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Fig.  10. 

It  will  be  noticed  that  the  curves  are  very  much  alike,  the  one 
taken  on  decreasing  voltage  showing  a  slight  shift  toward  the  right. 
Also  for  the  last  two  points  on  the  return  curve  it  was  found  im- 
possible to  obtain  a  balance  of  the  bridge,  the  condition  of  the  cell 
appearing  very  unstable.  At  the  three  voltages  1.03,  1.2 1  and 
1.38  of  the  first  of  these  two  curves  a  phenomenon  was  observed 
which  occurred  frequently  throughout  the  experiments,  at  the  point 
where  the  effect  reversed.  When  the  cell  was  first  exposed  the 
galvanometer  showed  an  immediate  decrease  of  resistance,  followed 
in  a  few  seconds,  with  the  light  still  on,  by  a  large  increase.  When 
the  light  was  shut  off  the  cell  showed  the  two  changes  in  the 
reverse  order. 

This  would  seem  to  indicate,  at  least  in  this  region,  a  combination 
of  two  effects,  one  growing  to  a  maximum  more  rapidly  than  the 
other,  and  dying  away  more  slowly. 

A  few  experiments  were  made  with  fluorescein  in  absolute  alcohol, 
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a  trace  of  caustic  soda  being  added  to  produce  fluorescence.  The 
effects  obtained  were  very  similar  to  those  with  the  eosin,  but  not 
nearly  as  marked. 

Rhodamin  was  also  tried,  with  somewhat  doubtful  results,  except 
that  the  effects  with  very  low  voltages  were  fully  equal  to  those 
with  the  eosin. 

Since  there  seemed  to  be  no  doubt  that  the  seat  of  the  effect  was 
the  thin  film  of  liquid  in  front  of  the  electrode,  and  since  the  current 
could  not  be  supposed  to  flow  only  to  and  from  this  film  and  to 
n^lect  the  opportunity  to  enter  the  edge  of  the  electrode,  it  did  not 
seem  possible  to  account  for  the  changes  in  resistance  observed, 
except  by  the  actual  creation  of  an  electromotive  force  at  the  surface 
of  the  electrode  or  near  it,  by  the  action  of  the  light.  If  such  an 
effect  did  exist  it  would  account  for  the  change  of  resistance  when 
either  anode  or  kathode  was  illuminated,  so  long  as  low  voltages 
were  used.  For  suppose  the  E.M.F.  produced  to  be  such  as  to 
tend  to  make  the  exposed  plate  positive  to  the  unexposed  one. 
Then  if  the  exposed  plate  were  made  the  kathode  with  regard  to  the 
outside  E.M.F.,  the  E.M.F.  due  to  illumination  would  act  with  the 
original  K.M.F.,  producing  a  greater  current  through  the  cell  and 
making  its  apparent  resistance,  as  measured  on  the  bridge,  less. 

If,  on  the  contrary,  the  direction  of  the  impressed  E.M.F.  were 
reversed,  the  photo-E.M.F.  would  oppose  the  passage  of  the  cur- 
rent and  the  apparent  resistance  of  the  cell  be  increased. 

The  reversal  of  the  effects  when  the  voltage  was  raised  is  not  easy 
to  account  for.  From  a  number  of  tests  of  the  polarization  KM.F. 
of  eosin  cells,  made  by  comparing  the  E.M.F.  with  that  of  a  standard 
cell  by  means  of  a  condenser,  the  effect  of  maximum  polarization 
appears  to  be  a  back  E.M.F.  of  over  two  volts.  This  value  deter- 
mines the  point  where  any  considerable  current  begfins  to  traverse 
the  cell,  and  hence  it  would  be  most  natural  to  expect  that  just  here 
would  occur  any  marked  change  in  resistance  phenomena,  such  as 
the  reversal  of  the  illumination  effect.  This,  however,  does  not  seem 
to  be  the  case,  for  it  will  be  noticed  from  the  curves  that  the  re- 
versal in  the  case  of  the  kathode  occurs  at  very  nearly  1.7  volts, 
while  at  the  anode  the  voltage  is  much  lower.  That  the  effects  at 
high  voltages  are  connected  in  some  way  with  the  polarization  of  the 
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cell  seems,  nevertheless,  most  probable,  though  in  what  manner  the 
author  has  not  as  yet  been  able  to  determine.  If  the  light  effect, 
through  reduction  of  the  electrolyte,  is  able  to  produce  free  hydro- 
gen and  thus  increase  the  amount  of  polarization,  it  is  still  difficult 
to  explain  why  the  duration  of  such  an  effect  should  be  only  that  of 
the  illumination,  dying  away  almost  immediately  when  the  light  is 
shut  off.  Further  work  on  that  part  of  the  problem  has  been  post- 
poned for  the  present. 

Assuming  that  the  effect  at  low  voltage  is  due,  as  has  been  sug- 
gested, to  a  photo-E.M.F.  similar  to  those  which  have  frequently 
been  observed  in  cells  containing  silver  salts  and  many  other  elec- 
trolytes, the  author  next  turned  his  attention  to  testing  the  effect  of 
light  on  the  cell  when  no  external  E.M.F.  was  applied. 

The  same  type  of  cell  was  used  as  had  been  used  for  all  of  the 
experiments  on  the  kathode  alone.  The  terminals  of  the  cell  were 
connected  directly  to  the  Sullivan  galvanometer  which  had  been 
used  with  the  bridge  in  all  the  previous  experiments. 

Very  considerable  effects  were  produced  by  the  action  of  the 
light,  ample  in  magnitude  to  account  for  the  phenomena  observed 
with  the  bridge  at  low  voltages. 

A  series  of  experiments  was  then  undertaken  to  find  if  in  any  way 
this  photo-electric  effect  was  intimately  connected  with  fluorescence. 

In  the  first  place  tests  were  made  throughout  the  visible  spec- 
trum, and  curves  plotted  showing  the  variation  of  the  current  pro- 
duced in  the  galvanometer  as  a  function  of  the  wave-length  of  the 
exdting  light.  The  effect  was  found  to  increase  regularly  from  the 
edge  of  the  visible  spectrum  in  the  violet  to  a  pronounced  maxi- 
mum just  before  the  absorption  band  was  left  in  going  toward  the 
red,  namely,  just  at  the  infra  edge  of  the  green.  The  decrease  of 
effect  from  this  point  on  toward  the  red  was  very  sudden  indeed, 
and  the  effect  was  entirely  lost  before  the  edge  of  the  visible  spec- 
trum was  reached.  Three  other  substances,  namely,  rhodamin, 
fluorescein  and  naphthalin-roth  were  found  to  give  similar  effects,  and 
in  each  one  the  maximum  results  were  obtained  at  the  infra  edge  of 
the  absorption  band.  In  rhodamin  the  effects  were  found  to  be 
enormously  greater  than  with  the  eosin,  but  with  the  other  two  sub- 
stances the  results  were  less  satisfactory. 


Digitized  by 


Google 


44  PERCY  HODGE,  [Vol.  XXVIII. 

With  rhodamin  tests  were  made  by  a  condenser  method  to  test 
the  magnitude  of  the  E.M.F.  produced,  and  it  was  found  to  be  as 
high  as  0.2  of  a  volt.  In  eosin  it  is  probable  that  the  maximum 
was  not  over  half  that  amount. 

Dilute  solutions  of  rhodamin  were  also  tried  with  very  good 
efTects.  The  maximum  dilution  thus  far  tested  is  that  of  one  part 
saturated  solution  to  ten  of  alcohol. 

With  dilute  solutions  of  eosin,  however,  the  effects  were  greatly 
reduced. 

The  extremely  thin  capillary  film  was  found  to  be  unnecessary, 
either  in  eosin  or  rhodamin,  though  the  effects  produced  when  the 
electrodes  were  more  than  0.02  mm.  back  from  the  front  of  the  cell 
were  very  small. 

Tests  were  made  of  the  absorbing  power  of  both  of  the  substances 
in  saturated  solution,  and  it  was  found  that  practically  no  light  pene- 
trated to  a  depth  of  0.02  mm.  in  the  region  of  the  absorption  band. 
Thus,  if  the  effect  is  produced  at  the  surface  of  the  platinum  plate 
itself,  a  film  of  this  thickness  or  greater  would  completely  screen 
the  electrode  from  the  action  of  the  light 

While  the  author  feels  that  he  has  wandered  much  in  the  dark, 
among  a  most  confusing  and  complicated  set  of  phenomena,  he 
believes  that  the  results  thus  far  obtained  are  not  entirely  without 
value,  and  he  hopes  in  the  future  to  throw  more  light  on  the  mean- 
ing of  the  effects.  Also  he  believes  it  quite  possible  that  he  will 
be  able  to  prove  a  definite  connection  between  the  photo-electric 
effects  in  fluorescent  liquids  and  the  phenomenon  of  fluorescence 
itself. 

To  Professor  Nichols  and  Professor  Merritt,  under  whose  guid- 
ance this  work  has  been  done,  the  author  is  truly  grateful,  both  for 
their  many  helpful  suggestions  and  for  their  unlimited  patience  with 
his  many  questions. 

Physical  Laboratory, 

Cornell  University. 
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SOME   PHENOMENA  OF  THE   PERSISTENCE  OF 

VISION.^ 

By  Frank  Allen. 

THE  experiments  to  be  described  in  this  paper  were  suggested 
by  some  discussed  in  a  communication*  to  the  Physical 
Review  some  years  ago.  A  full  description  was  there  given  of  the 
method  of  measuring  the  persistence  of  vision  which  was  first  used 
by  E.  L.  Nichols.  The  essential  features  of  this  method  are  few 
and  simple.  In  front  of  the  slit  of  the  spectrometer  is  placed  a 
sectored  disk,  which,  when  rotated  by  an  electric  motor,  interrupts 
the  light  causing  a  flickering  of  the  part  of  the  spectrum  under 
observation.  By  electrical  means  the  speed  of  the  disk  is  recorded 
on  paper  on  a  rotating  drum,  which  enables  the  duration  of  a  single 
flash  of  light  upon  the  eye  to  be  determined  when  the  speed  of 
rotation  of  the  disk  is  such  that  the  flickering  just  disappears.  The 
duration  of  these  light  impulses  varies  with  the  luminosity  of  the 
spectrum,  and,  when  plotted  with  the  wave-lengths  of  the  colors 
observed  as  abscissae,  gives  a  persistence  of  vision  curve. 

I.  It  was  observed  *  that  when  the  eye  is  protected  from  light  by 
being  blind-folded  or  by  remaining  in  a  dark  room,  the  time  of 
persistence  of  all  color  impressions  was  increased.  Experiments 
were  accordingly  made  to  determine  how  this  effect  varied  with  the 
time  of  darkness  adaptation.  Observations  of  the  persistence  of 
vision  were  made  on  four  colors,  red,  yellow,  green  and  blue,  after 
intervals  of  darkness  adaptation  of  one,  three,  five,  ten  and  fifteen 
minutes.  The  wave-lengths  of  the  colors  observed,  and  other 
measurements,  are  given  in  Table  I.  and  the  results  are  shown 
graphically  in  Fig.  i.  For  convenience  in  plotting,  the  ordinates 
are  the  differences  between  the  normal  readings  and  those  made 

^  Read  before  the  Royal  Society  of  Canada,  May,  1908. 
•Frank  Allen,  Phys.  Rev.,  Vol.  XL,  1900,  p.  257. 
•Ibid.,  p.  265. 
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after  the  different  intervals  of  adaptation.     The  adaptation  curves 

are  of  the  "  saturation  "  type,  and  show 
that,  as  far  as  the  persistence  of  vision  is 
concerned,  darkness  adaptation  produces 
its  maximum  effect  in  about  five  minutes,, 
the  measurements  after  the  ten  and  fif- 
teen minute  intervals  showing  no  in- 
crease over  those  for  five.  There  is, 
indeed,  an  indication  in  the  curves  of  a 
partial  return  to  the  normal  condition  of 
the  retina  between  the  five  and  fifteen 
minute  intervals  of  adaptation. 
It  will  also  be  noticed  that  the  maximum  is  least  in  the  case  of 

the  brightest  color  used  (^=  .$67/1),  and  greatest  for  the  feeblest 

{X  =  .463  /i). 

Table  I. 


Fig.  1. 


Adaptation. 

Observation  Color. 

A -.5671*. 

A-.505M. 

A  =  .6so<« 

I. 

A  =  .463M 

. 

Time. 

Peraistence. 

Diff. 

Persistence. 

Diff. 

Persistence. 

Diff. 

Persistence. 

Diff. 

Normal. 

.0117  sec. 

0 

.0133  sec. 

0 

.0135  sec. 

0 

.0193  sec. 

0 

1  minute. 

.0117    " 

0 

.0139    " 

6 

.0137    " 

2 

.0206    " 

14 

3  minutes. 

.0124    " 

7 

.0143    ** 

8 

5       '* 

.0127    " 

10 

.0145    " 

12 

.0153    '* 

18 

.0216    " 

24 

10       " 

.0126    " 

9 

.0144    •* 

11 

.0152    " 

17 

.0216   *' 

24 

IS       " 

.0128    " 

11 

.0146    " 

13 

.0152    " 

17 

.0217    " 

25 

II.  A  similar  series  of  curves  was  obtained  after  fatiguing  the  ret- 
ina by  exposure  to  light  of  certain  definite  hues.  Readings  of  the 
persistence  of  vision  were  made  after  intervals  of  fatigue  of  one,  two^ 
three,  five  and  ten  minutes.  Observations  were  made  upon  the 
same,  or  nearly  the  same,  portions  of  the  spectrum  as  the  fatiguing 
colors.  The  measurements  are  shown  in  Table  II.  and  are  plotted 
in  Fig.  2  according  to  a  convenient  scale  of  numbers  so  chosen  that 
the  curves  are  all  exhibited  in  one  figure.  The  zero  of  each  curve^ 
which  corresponds  to  the  normal  persistence  of  the  particular  color, 
is  the  intersection  of  the  curve  with  the  axis  of  ordinates. 

With  all  colors  the  fatiguing  effect  of  the  light  stimulus  reaches 
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its  maximum  in  about  three  minutes,  further  exposure  to  light  seem- 
ing to  make  no  difference  with  the  duration  of  light  impressions. 

Table  II. 


Time 

of 

Fatigue. 

Obeervation  Color 

A=.650M. 

Fatigue  Color 
A=.675M. 

A=.6X0fi 
A=.6X0M 

A=.589M 

Persistence. 

No. 

Persistence. 

No. 

Persistence. 

No. 

19 
20 
20 
20 

20 

Persistence. 

No. 

Nonnal. 

1  min. 

2 

3 

5 
10 

.0136  sec. 

.0143 

.0149 

.0150 

.0150 

0 
7 

13 
14 
14 

.0123  sec. 

.0128 
.0128 
.0128 

12 

17 
17 
17 

.0118  sec. 
.0119 
.0119 
.0119 

.0119 

.0125  sec. 

.0132 
.0132 
.0132 

22 

29 
29 
29 

Time 

of 

Fatigue. 

Observation  Color 

As=.5X0^. 

Fatigue  Color 

Axr.SOOfl 

A=.500^ 

A-^85^ 

A=.47a^ 
A-.470** 

Persistence. 

No. 

Persistence. 

No. 

Persistence. 

No. 

Persistence. 

No. 

Normal. 

1  min. 

2 

3 

5 
10 

.0126  sec. 

.0128 

.0134 

.0136 

.0136 

.0136 

24 
26 
32 
34 
34 
34 

.0140  sec. 

.0148 
.0147 
.0148 

29 

37 
36 
37 

.0156  sec. 

.0160 
.0160 
.0160 

36 

40 
40 
40 

.0165  sec. 
.0165 
.0165 
.0165 

.0165 

42 
42 
42 
42 

42 

Time  of 
Fatigue. 

Obeervation  Color 

A=.4XOM. 

Fatigue  Color 
A=.4X3M. 

A=.450*t 
A=.450M 

A-^90^ 

Persistence. 

No. 

Persistence. 

No. 

Persistence. 

No. 

Nonnal. 
1  min. 
2 
3 
5 
10 

.0334  sec. 
.0355 

.0373 
.0376 
.0374 

50 
71 

89 
92 
90 

.0225  sec. 

.0231 
.0231 

44 

50 
50 

.0280  sec. 

.0301 
.0301 
.0301 

46 

67 
67 
67 

Perhaps  the  most  remarkable  curves  are  those  for  the  yellow  and 
blue  colors  whose  wave-lengths  are  .575  /^  and  .472  {i  respectively. 
The  latter  of  these  is  a  straight  line,  and  the  former  nearly  so.  For 
these  colors  the  retina  does  not  seem  capable  of  being  fatigued,  as 
the  duration  of  the  color  impressions  always  retains  its  normal  value. 

The  differences  between  normal  and  maximum  readings  of  the 
various  curves  vary  in  magnitude,  and  are  shown  in  Fig.  3.     This 
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curve  is  characterized  by  three  elevations,  corresponding  to  the  red, 
green  and  violet  of  the  spectrum,  which  are  separated  by  two  de- 
pressions corresponding  to  yellow  and 
blue  of  wave-lengths  .$7$  fJt  and  .472 
fi  respectively.  It  is  noteworthy  that 
these  two  depressions  agree  with  the 
fundamental  yellow  and  blue  of  the 
Hering  theory  of  color  vision,  while 
the  blue  is  nearly  that  chosen  by 
Helmholtz  and  by  Konig  and  Diderici 
(viz.  i  =  .470  /jl)  as  one  of  their  fun- 
damental colors.  The  wave-lengths 
of  the  maxima  of  the  red  and  green 
elevations  also  are  the  fundamentals  of 
those  colors  which  have  been  selected 
by  the  last  two  writers. 

This  curve  with  its  three  elevations 
seems  to  support  the  view  that  there 
are  but  three  fundamental  color  sensa- 
tions, which  correspond  to  some  hues 
of  red,  green  and  violet. 

III.  It  was  noticed  from  time  to 
time  that  the  persistence  of  color 
impressions  was  not  constant  over 
all  parts  of  the  retina.  When  no 
flickering  of  the  color  under  observation  was  perceptible  in  the 
center  of  the  retina  a  slight  movement  of  the  eye  in  any  direction, 
which  allowed  the  light  to  fall  upon  the  peripheral  portions  of  the 
retina,  was  always  sufficient  to  destroy  the  apparent  continuity  of 
the  light. 

To  investigate  this,  a  short  piece  of  platinum  wire,  heated  elec- 
trically so  as  to  be  just  plainly  visible,  was  placed  in  such  positions, 
that,  when  viewed  directly  by  the  eye,  the  flickering  light  of  the 
spectrum  fell  at  determinate  positions  on  the  outlying  parts  of  the 
retina. 

Two  sets  of  observations  were  made  at  two  regions  on  the  tem- 
poral side  of  the  retina  about  ten  and  twenty  degrees  from  the  center. 
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Measurements  were  attempted  at  other  regions  farther  out,  but  the 
results  were  too  uncertain  to  be  of  any  use. 
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The  measurements  are  shown  in  Table  III.  and  are  plotted  in 
Fig.  4  in  comparison  with  a  curve  for  the  center  of  the  eye. 

Table  III. 


Persistence. 

k 

] 

Persistence 

A 

Center  of 

xoo 

aoo 

Center  of 

xoo 

soo 

Retlnm. 

Region. 

Region. 

Retinm. 

Region. 

Region. 

.418 /< 

.0372 

.0361 

.562 

.0127 

.0122 

.0117 

.446 

.0274 

.0238 

.0233 

.588 

.0126 

.0123 

.0120 

.472 

.0196 

.0185 

.0174 

.620 

.0132 

.0125 

.0119 

.495 

.0163 

.0148 

.670 

.0158 

.0150 

.0144 

.520 

.0141 

.0132 

.0128 

.705 

.0198 

.0184 

.0170 

.538 

.0135 

.0120 

.0120 

.720 

.0220 

.0216 

.0185 

The  curves  show  that  the  duration  of  all  color  impressions 
diminished  as  the  distance  from  the  center  of  the  retina  increases  ; 
or,  in  other  words,  the  peripheral  portion  of  the  retina  is  more 
sensitive  to  fluctuations  in  the  intensity  of  the  light  than  the  center. 

The  ten  and  twenty  degree  curves  show  also  a  remarkable  ele- 
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vation  in  the  part  corresponding  to  the  yellow  and  greenish  yellow. 
In  direct  vision  the  light  rays  £sdl  upon  the  macula  lutea  or  yellow 
spot  where  the  greatest  distinctness  of  vision  occurs.  This  spot  is, 
however,  small  and  would  not  be  stimulated  by  the  light  falling  on 
the  outer  regions!  As  the  lowest  point  of  the  persistency  curve 
corresponds  to  the  brightest  part  of  the  spectrum,  the  curves  show 
that  to  the  outer  regions  of  the  retina  under  consideration,  the  most 
luminous  point  of  the  spectrum  is  nearer  the  green  than  it  is  to  the 
macula  luted. 

An  elevation  in  a  persistency  curve  has  always  been  found  asso- 
ciated with  some  induced  or  natural  abnormality  of  color  vision. 
Here,  however,  it  is  found  in  the  normal  persistency  curves  for  the 
outer  portions  of  the  retina,  and  indicates  some  slight  modification 
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in  the  perception  of  yellow.  The  macula  lutea  contains  a  yellow 
pigment  and  no  visual  purple,  while  the  retina  in  other  parts  has 
only  the  visual  purple.  This  latter  substance  absorbs,  and  is 
bleached  by,  light  of  all  parts  of  the  spectrum  but  in  amounts  vary- 
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ing  with  the  wave-length,  the  absorption  being  very  slight  in  the 
red  and  greatest  in  the  yellowish  green,  which  has  the  most  rapid 
bleaching  effect.  The  region  of  the  spectrum,  therefore,  which  is 
most  absorbed  by  the  visual  purple  coincides  with  the  elevations  of 
the  persistency  curves. 

IV.  In  the  paper  to  which  reference  has  been  made  an  experi- 
ment was  described  in  which  a  persistency  curve  was  obtained  when 
the  eye  was  fatigued  with  white  light  from  an  electric  arc.  This 
curve  and  its  comparison  normal  curve  are  shown  in  Fig.  5  which 
is  reproduced  from  the  paper  cited. 

As  white  light,  indistinguishable  from  ordinary  white,  may  be 
obtained  by  mixing  two  complementary  colors,  observations  of  the 
persistence  of  vision  were  made  after  fatiguing  the  retina  with  proper 
combinations  of  colors.  Two  overlapping  spectra  were  formed  with 
a  Helmholtz  color  mixer  and  the  selected  complementaries  com- 
bined in  a  shutter  eyepiece.  By  means  of  nicol  prisms  in  the  col- 
limators the  intensities  of  the  two  spectra  were  adjusted  until  the 
narrow  field  of  light  in  the  eyepiece  was  white. 

The  first  pair  of  complementaries  used  consisted  of  yellow 
(iass.577;£)  and  blue  (^=».474/*)  as  determined  by  von  Kries. 
The  readings  are  given  in  Table  IV.,  with  the  corresponding  normal 
values,  and  the  results  are  graphically  shown  in  Fig.  6. 


Table  IV. 


A 

Normal 
Pereietence. 

Eye  Patiffued 
with 

A  =  .474M. 

A 

Normal 
Pereisteoce. 

Eye  Patigued 

with 

A  =  .577^ 

A  =  .474^. 

.725/* 

.0295  sec. 

.0350  sec. 

.530 /i 

.0138  sec. 

.0127  sec. 

.710 

.0307 

.515 

.0148 

.698 

.0209 

.0254 

.505 

.0155 

.0141 

.670 

.0157 

.0166 

.495 

.0166 

.643 

.0135 

.0142 

.483 

.0190 

.0182 

.615 

.0125 

.0128 

.463 

.0251 

.0225 

.590 

.0121 

.445 

.0334 

.0371 

.580 

.0127 

.428 

.0398 

.565 

.0115 

.410 

.0451 

.0491 

.554 

.0130 

The  second  pair  of  complementaries  was  red  {X  =  .656  fi)  and 
green  {X  =  .492  /i),  determined  by  Helmholtz.    The  readings  of  the 
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persistence  of  vision  in  this  case  are  given  in  Table  V.  and  plotted  in 
Fig.  7.  The  normal  curve  in  this  figure  is  the  same  as  that  for  the 
preceding  case,  given  in  Table  IV. 


Table  V. 

A 

BjcPaticned 

wHh 

A-.656^ 

1  Bye  P«tica«d 

A     '       "^^ 

1    A-.65«^ 

A 

Bsr«  P«tica«d 
A».696m 

A-.49«#'. 

'    A  =  .4jaii. 

'    A  =  .49a^. 

.725m 

.0353  sec. 

.566 «  ;   .0122  sec. 

.470/* 

.0204  sec 

.710 

.0335 

.548      .0125 

.463 

.0238 

.698 

.0230 

.530   j   .0130 

.454 

.0293 

.670 

.0161 

.517      .0137 

.445 

.0395 

.643 

.0136 

.505      .0151 

.428 

.0522 

.615 

.0122 

.492      .0167 

.410 

.0527 

.590 

.0120 

.483   .   .0182 

On  comparing  the  figures  both  curves  will  be  seen  to  be  essen- 
tially the  same,  and  to  differ  greatly  from  the  curve  shown  in  Fig. 
5.     The  fatigue  curves  obtained  with  the  complementary  colors  are 


Fig.  7. 


Fig.  8. 
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elevated  above  the  normal  at  both  ends,  which  correspond  to  red 
and  violet,  and  are  depressed  below  the  normal  in  the  middle  which 
corresponds  largely  to  green.  The  intersections  of  the  curves  in 
each  figure  (6  and  7)  occur  in  the  blue  at  i  =  .455  /i,  and  in  the 
orange  near  the  yellow,  at  ^  =»  .62  /i.  The  effect  on  the  retina  of 
white  light  of  the  comparatively  few  wave-lengths  comprised  in  the 
complementary  colors  must  of  necessity  be  different  from  that  of  the 
complex  mixture  of  waves  forming  the  white  light  from  an  electric 
arc.  The  eye  is,  however,  unable  to  sec  any  difference  in  the  ap- 
pearance of  the  two  lights  when  both  are  of  the  same  intensity ; 
yet  measurements  of  the  persistence  of  vision  are  capable  of  show- 
ing in  a  most  striking  manner  the  differences  in  the  physiological 
effects  of  the  two  white  lights  on  the  retina. 

It  is  most  remarkable  that  the  curves  in  Figs.  6  and  7  are  de- 
pressed below  the  normal  in  the  part  corresponding  to  green.  For 
when  the  eye  is  fatigued  with  yellow  light  (i  «.  577/1)  alone,  for 
example,  the  resulting  persistency  curve  has  two  elevations,  one  in 
the  red  and  the  other  in  the  green,  as  shown  in  Fig.  8,  which  is 
plotted  from  the  data  in  Table  VI. 

Table  VI. 


A 

Normal 
PeraUtence. 

Bye  Patiffued 

with 

^-.577**. 

k 

Normal 
Persistence. 

Eye  Patiffued 

with 

A  =  .577fi. 

.725  M 

.0315  sec. 

.0377  sec 

.566/i 

.0135  sec. 

.0142  sec 

.706 

.0308 

.530 

.0144 

.0160 

.698 

.0268 

.514 

.0156 

.0170 

.670 

.0185 

.0194 

.497 

.0198 

.643 

.0161 

.483 

.0206 

.0228 

.615 

.0142 

.0146 

.445 
.427 

.0352 

.0463 

.581 

.0136 

.410 

.0486 

No  persistency  curve  has  been  obtained  when  the  eye  was  fatigued 
with  the  complementary  color,  blue,  of  wave-length  .474  [i.  Fig.  9, 
however,  is  a  persistency  curve  obtained  when  the  fatiguing  stimulus 
was  another  blue,  the  wave-length  of  which  was  .440/1.  This 
figure  is  reproduced  from  the  paper  previously  referred  to. 

Assuming  that  the  curve  for  X  =  .474  [i  would  be  nearly  the  same 
as  that  for  >(«=  .440/1,  an  assumption  which  is  almost  certainly 
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correct,  it  is  seen  that  fatiguing  the  eye  with  blue  produces  two  ele- 
vations in  the  curve,  one  in  the  violet  and  the  other  in  the  green. 
It  would  seem  natural  to  expect  the  curve  obtained  when  the  eye 
was  acted  upon  by  both  colors,  wave-lengths  .577  /<  and  .474 /<,  to 
have  three  elevations  to  correspond  with  those  in  Figs.  8  and  9. 
Instead  of  this,  however,  the  persistency  curve  in  Fig.  6  shows 
two  elevations  and  one  depression.  The  anticipated  double  elevation 
in  the  green  is  actually  replaced  by  a  depression.  As  the  duration 
of  color  impressions  on  the  retina  is  an  inverse  function  of  the 
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Fig.  10. 


luminosity  we  have  the  paradoxical  conclusion  that  doubly  fatiguing 
the  green  sensation  with  blue  and  yellow  together  causes  green 
light  to  make  a  more  luminous  impression  than  it  does  normally. 
Further,  since  the  parts  of  the  curve  disturbed  by  fatiguing  the 
retina  with  blue  and  yellow  are  the  red,  the  green  and  the  violet,  it 
follows  that  none  of  the  color  sensations  are  independent  of  each 
other ;  while  the  fact  that  the  curve  suffers  disturbances  in  three 
parts  seems  to  favor  the  theory  of  three  fundamental  color  sensa- 
tions. 
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The  persistency  curve  in  Fig.  7  was  obtained,  as  mentioned  before, 
when  the  eye  was  fatigued  with  red  and  green  of  complementary 
hues.  Now  when  the  retina  is  acted  on  by  red  or  by  green  sepa- 
rately a  persistency  curve  is  obtained  with  but  one  elevation  which 
occurs  in  the  part  of  the  curve  corresponding  to  the  color  used  in 
fatiguing  the  eye.  This  is  shown  in  the  curves  in  Figs.  10  and  1 1 
which  are  taken  from  the  paper  referred  to  several  times. 


"G 

?EEh 

CU 

IVEV 

1 

.025 

« 

Y 

^ 

•  ' 

V 

J 

? 

x^ 

V 

/ 

\ 

/ 

k 

-<^ 

^ 

EYE 

QRBE 

'ATIOU 

EDWI 

M 

MORI 

lAL.- 

■  —"  ■ 

~"~~ 

A 

9f 

•5 

WAV 

0 

;  LENO 

.6 

TH«. 
0 

.7 

0 

Fig.  11. 


Fig.  \Z 


When,  however,  the  eye  is  fatigued  with  complementary  red  and 
green  colors,  the  curve  (Fig.  7)  has  an  elevation  in  the  red,  a  depres- 
sion  instead  of  an  elevation  in  the  green,  and  a  pronounced  elevation 
in  the  violet.  It  is  remarkable  that  there  is  no  green  elevation, 
and  still  more  remarkable  that  the  violet  sensation  is  affected  at  all, 
or  at  least  to  any  very  perceptible  amount.  It  is,  perhaps,  possible  that 
the  white  light  formed  by  combining  complementary  red  and  green 
hues  is  a  compound  with  properties  of  its  own  quite  different  from  those 
of  the  separate  components,  and,  in  virtue  of  its  being  white^  stimu- 
lates all  three  sensations,  red,  green  and  violet,  even  though  no 
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violet  light  is  present  The  same  idea  would  also  apply  to  the 
curve  in  Fig.  6,  though,  as  we  have  seen,  the  occurrence  of  the  ele- 
vations there  is  susceptible  of  another  explanation. 

Both  persistency  curves  obtained  when  the  retina  was  fatigued  by 
the  compounded  complementary  colors  intersect  the  normal  in  two 
places,  one  in  the  blue  at  ^  «  .455  /£,  and  the  other  in  the  orange  at 
X  a  .62  /£.  This  latter  color  was  used  as  a  fatiguing  stimulus  and 
a  persistency  curve  obtained  which  is  plotted  in  Fig.  12  from  the 
data  in  Table  VII.  The  curve  shows  two  elevations,  one  in  red  and 
the  other  in  green,  indicating  the  generally  admitted  composite  char- 
acter of  the  sensation  of  orange  light 

Table  VII. 


A 

Normal 
Peraiitence. 

Bye  Fatiffued 
with 

A 

Nomal 
Peraiitence. 

Bje  Fatiffued 

withT 

A«.6afi. 

.725^ 

.0315  sec. 

.0383  sec. 

.566/* 

.0135  sec 

.0140  sec. 

.706 

.0319 

.530 

.0141 

.0151 

.698 

.0261 

.514 

.0166 

.670 

.0185 

.0183 

.497 

.0177 

.0186 

.643 

.0149 

.483 

.0207 

.0231 

.615 

.0133 

.0136 

.427 

.0453 

.581 

.0135 

.410 

.0485 

In  general  we  may  conclude  that  the  experiments  described  in  this 
paper  strongly  support  the  view  that  the  fundamental  color  sensa- 
tions are  red,  green  and  violet. 

I  desire  to  acknowledge  my  indebtedness  to  the  kindness  of  Pro- 
fessor E.  L.  Nichols,  director  of  the  Department  of  Physics,  Cornell 
University,  in  whose  laboratory  these  experiments  were  performed. 

University  of  Manitoba, 
Winnipeg. 
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THE  ROTARY  POWER  OF  QUARTZ  AT  THE 
TEMPERATURE  OF   LIQUID  AIR. 

By  F.  a.  Molby. 

THE  experiments  described  in  the  following  communication 
were  undertaken  in  order  to  determine  the  temperature  vari- 
ation in  the  optical  rotary  power  of  quartz,  the  range  studied  being 
that  lying  between  +  20°  C.  and  —  190°  C. 

The  apparatus  was  very  simple  and  consisted  essentially  of  a 
Lippich  triple  field  polarimeter,  an  unsilvered  Dewar  sphere  of 
about  I  liter  capacity,  a  small  hollow  brass  cylinder  with  a  com- 
pressed fiber  strip  to  suspend  it  in  the  Dewar,  and  a  thermal  couple 
with  potentiometer  for  measuring  the  temperature  of  the  quartz.  The 
brass  cylinder  had  a  hole  drilled  through  crosswise  for  the  passage 
of  light  and  the  quartz  plate  was  fixed  in  the  center  of  the  cylinder. 
The  thermo-element  was  located  as  nearly  as  could  be  at  the 
center  of  the  plate.  Cooling  was  accomplished  by  filling  the  Dewar 
with  liquid  air  to  any  desired  height,  up  to  the  line  of  sight  along  a 
diameter  of  the  sphere. 

The  value  obtained  by  averaging  about  one  hundred  settings  of 
the  instrument  at  diflerent  times  and  different  days  was  -^  «  2i°.2i4 
per  mm.  thickness  at  an  average  temperature—  175^.2  C.  The 
same  (in  the  Dewar)  gave  A  =  21.70  per  mm.  at  an  average  tem- 
perature 19^.4. 

The  use  of  the  brass  cylinder  as  a  holder  for  the  quartz  was  for 
the  purpose  of  securing  a  uniform  temperature  over  the  quartz, 
since  in  the  vapor  from  the  air  a  large  temperature  gradient  exists. 
Measurements  at  the  low  temperature  were  not  in  close  argeement, 
though  all  measurements  above  say  —  140°  agreed  very  well.  It 
seemed  necessary  therefore  to  devise  some  better  way  for  obtaining 
the  value  at  the  lower  temperatures. 

I  have  constructed  a  small  brass  box  in  which  the  quartz  plate 
and   thermo-element  are  placed.     Two   glass   tubes   with    plane 
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glass  ends  lead  into  the  box;  these  tubes  are  provided  with 
side  tubes  and  stop  cocks  for  exhausting  the  air  from  them. 
The  box  has  a  lid  made  in  such  a  way  that  it  can  be  sealed 
with  vaseline  so  that  when  the  box  is  soldered  into  a  thin  walled 
tin  can  the  box  may  be  completely  surrounded  and  covered  by 
liquid  air.  By  this  means  the  box  with  gaseous  air  inside  is  made 
to  take  up  the  temperature  of  the  liquid  air,  and  the  quartz  plate 
soon  takes  up  the  same  temperature  as  is  shown  by  the  thermo- 


Flg.  1. 

junction.  By  having  the  tin  can  heavily  wrapped  with  wool  I  find 
that  a  single  filling  of  liquid  air  will  hold  the  temperature  of  the 
box  for  approximately  an  hour  with  only  the  small  drift  which 
must  occur  because  of  the  decreasing  percentage  of  nitrogen  as 
evaporation  takes  place. 

The  accompanying  diagram  will  show  the  arrangement  of  parts 
and  what  precautions  have  been  taken  to  obtain  uniformity  of  tem- 
perature and  to  measure  a  temperature  which  is  that  of  the  quartz 
plate. 

WW  2Jt,  two  wooden  supports  fitted  to  hold  the  tubes  in  line  and 
to  support  the  whole  in  the  field  of  the  polariscope. 
TT  glass  vacuum  tubes  1 1  mm.  in  diameter  and  1 1  cm.  in  length, 
the  inside  walls  of  which  are  covered  with  lamp  black  and 
shellac. 
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EE  plane  glass  ends  8  mm.  thick,  ground  into  the  enlarged  ends 

of  TTto  make  air  joints. 
DJ)^  threaded  brass  tubes  about  3  cm.  long,  with  a  wrapping  of 

yarn  between  the  brass  and  the  glass  tubes  7T,  and  with 

shellac  at  the  outer  ends  of  DJ)^ 
N^N^  brass  nuts  into  which  D^D^  are  threaded  with  beeswax  and 

tallow  to  close  the  joints. 
B  is  the  brass  box  into  which  N^  and  N^  are  soldered. 
H\s^  brass  plate  to  hold  the  quartz.     It  is  soldered  to  the  lid 

of  the  box  and  is  held  firmly  against  the  lathe-turned  end 

of  N^  by  two  dove  tail  lugs  of  brass,  which  are  soldered  to 

H  and  slide  into  slots  in  the  end  of  N^ 
Q  is  the  quartz  plate  in  position. 
-Fis  a  flat  fiber  plate  bolted  by  three  small  bolts  to  the  holder//^ 

It  is  perforated  to  allow  free  passage  of  air. 
J  shows  the  leads  from  thermal  junction.     They  pass  through 

about  one  foot  of  rubber  tube,  which  is  closed  at  the  outer 

end  by  a  clamp  K. 
C  tin  can  for  containing  the  liquid  air. 
y,  is  a  flat  view  of  the  junction  as  it  is  held  against  the  quartz  by 

the  fiber  plate  F.     The  two  metals  of  the  junction  (iron  and 

constantan)  are  soldered  to  opposite  sides  of  the  copper  ring 

which  surrounds  the  part  through  which  light  passes. 
/T,  is  a  flat  view  of  the  holder  H  showing  three  bits  of  copper  wire 

soldered  on  to  hold  the  quartz  out  from  the  brass  //  to 

admit  of  air  circulation. 

It  may  be  seen  that  there  is  no  metallic  contact  of  the  thermo- 
j  unction  at  any  point  inside  the  box,  and  the  outgoing  wires  are 
wrapped  with  yam  to  separate  them  from  the  tube  through  which 
they  pass.  The  second  brass  tube  in  the  top  of  the  lid  was  designed 
for  an  intake  to  fill  the  box  with  hydrogen  gas,  but  in  the  two  sets 
of  measurements  made  I  have  allowed  air  vapor  to  fill  the  box,  as 
the  metal  walls  of  the  box  cool  before  the  glass  and  moisture  present 
will  condense  there  and  give  no  trouble. 

The  thermo-j unction  was  calibrated  with  liquid  air  swimmers, 
CO,  snow  mixed  with  ether,  ice,  and  steam,  before  the  copper  ring 
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was  inserted.     It  was  also  compared  with  two  series  junctions  both 

before  and  after  the  ring  was  inserted  to  show  that  it  registered  the 

same  at  the  —  190°  point  as  it  did  before  the  insertion  of  the  ring. 

From  steam  to  ice   99^.2  to  0°  £=  538  x  lO"* 

"   ice  to  CO,  o"*  to  —  78^.2  £«=  388  X  10-* 

"     "    "  liquid  air  o®  to  —  190°  £=  803  x  lO"* 

Temperatures  were  read  from  a  smooth  curve  drawn  through  these 
four  points  with  dEjdT^^y^  x  lO"^  at  —190°  as  found  by  the 
swimmers  and  by  comparison  with  the  series  junctions  calibrated 
by  analysis  of  air. 


The  quartz  worked  with  was  2.86  mm.  thick.  Fortunately  two 
plates  of  equal  thickness  and  opposite  rotations  were  at  hand.  In 
the  work  both  have  been  used.  The  data  obtained  by  the  first 
method  are  too  lengthy  for  place  here  but  the  unstarred  points  on 
the  accompanying  curve  give  the  mean  values  as  obtained  by  that 
method.  The  accompanying  data  give  the  observations  made  by 
the  latter  method  on  June  19  and  20.  The  starred  points  on  the 
curve  are  plotted  from  these  data.  On  these  days  the  instrument's 
adjustment  was  not  changed  and  if  we  take  one  half  the  difference 
between  polariscope  readings  on  L  quartz  and  R  quartz  we  should 
obtain  the  average  angle  of  rotation  for  the  two.  The  zero  deter- 
minations before  and  after  observations  were  almost  identical  on  each 
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Measurements  at  Liquid  Air  Temperature, 


L  Quarts,  June  xg,  1908. 

R  Quarts,  June  ao. 

1908. 

R.  Ver. 

L.  Ver. 

^Xio-» 

R.  Ver. 

L.  Ver. 

J?Xxo-» 

808 

804 

1 

299?80 

119?80 

1 

60!97 

240.*W 

807 

2 

.87 

.88 

2 

.75 

.75 

3 

.89 

.89 

3 

.67 

.68 

803.5 

4 

.74 

.74 

4 

.83 

.83 

807 

5 

.75 

.75 

5 

.76 

.76 

6 

.94 

.94 

6 

.70 

.70 

7 

.93 

.93 

7 

.64 

.64 

803.5 

806.5 

8 

.90 

.90 

8 

.66 

.67 

9 

61.00 

241.00 

9 

.70 

.71 

10 

.00 

.00 

805 

11 

60.88 

240.88 

10 

.64 

.64 

12 

.91 

.91 

804 

13 

.87 

.87 

11 

.69 

.70 

14 

.92 

.92 

12 

.72 

.72 

15 

.89 

'       .90 

13 

.71 

.71 

16 

61.00 

241.00 

14 

.71 

.70 

802 

805 

17 

60.88 

240.89 

15 

.78 

.78 

18 

.92 

.92 

16 

.62 

.62 

19 

.96 

.96 

17 

.65 

.65 

20 

.98 

.98 

18 

.60 

.60 

21 

.85 

.85 

801 

22 

61.00 

241.00 

19 

.66 

.67 

23 

.02 

.02 

20 

.67 

.68 

24 

60.98 

240.98 

21 

.62 

.62 

798 

25 

.98 

.98 

801 

22 

.67 

.68 

23 

.62 

.62 

24 

.65 

.65 

25 

.66 

.67 

781 

Atct.  =299^.685 

Atcf.  7^=  — 190® 

420 


60^.926 


—  190O 


60^.926  —  299«.685  =  121«.241 

fl=^60^62at  7-=— 190*» 
ao  per  mm.  =  21<».196  at  — 190** 
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day ;  but  in  each  case  the  readings  before  do  not  agree  with  those 
made  after  observations. 

Measuremtnts  in  Bon  at  Room  Temptrature. 


L  Quarts,  June  so. 

R  Quarts,  June  eo. 

R.  Ver. 

L.  Ver. 

-ffXxo-* 

R.  Ver. 

L.  Ver. 

^Xxo-* 

-107 

62!39 

242?39 

1 

298.31 

118?32 

.39 

.38 

2 

.32 

.32 

.37 

.37 

3 

.28 

.29 

.32 

.32 

4 

.26 

.26 

.37 

.38 

5 

.28 

.28 

—  117 

6 

.34 

.34 

.40 

.40 

7 

.25 

.25 

.38 

.38 

8 

.27 

.27 

.39 

.40 

9 

.31 

.31 

.43 

.43 

10 

.35 

.35 

.35 

.35 

11 

.27 

.27 

.35 

.35 

12 

.29 

.29 

.37 

.38 

13 

.29 

.30 

.40 

.40 

14 

.33 

.33 

.39 

.40 

15 

.30 

.30 

.39 

.39 

16 

.28 

.28 

-116.3: 

17 

.25 

.25 

-108 

.42 
.39 

.43 
.40 

18 

.25 

.25 

.39 

.40 

19 

.33 

.33 

.38 

.38 

20 

.35 

.35 

.35 

.35 

Atct.  =298*'.296  62<'.382 

Aver.  T—  20**.0  21®.  6 

62.382  —  298.296  =  124^086 
fl  =  62^.043  at  7-=  20^.8 
ttD  per  mm.  =  21^.693  at  20®.8 
Approximate  thickness  of  plates  is  2.86  mm.  by  micrometer  caliper. 

As  the  readings  on  low  temperatures  were  made  under  similar 
conditions  and  at  the  latter  part  of  the  day's  readings,  any  errors  of 
the  zero  should  be  eliminated  by  having  the  two  quartzes.  Also, 
as  the  measurements  at  room  temperature  were  made  on  the  same 
day  and  one  directly  following  the  other,  the  zero  reading  of  the 
instrument  should  again  be  unnecessary.  A  sodium  flame  was  used 
and  the  zero  of  instrument  was  read  with  the  tubes,  etc.,  all  removed 
from  the  line  of  sight. 
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June  19. 

June  ao. 

Before. 

After. 

Before. 

After. 

R.  Ver. 

L.  Ver. 

R.  Ver. 

L.  Ver. 

R.  Ver. 

L.Ver. 

R.  Ver. 

L.  Ver. 

0!36 

180!36 

0!37 

180!37 

0!33 

180!33 

0!33 

180!34 

.27 

.27 

.52 

.52 

.32 

.32 

.38 

.38 

.25 

.25 

.52 

.52 

.27 

.27 

.44 

.45 

.35 

.35 

.44 

.45 

.32 

.33 

.34 

.34 

.31 

.32 

.47 

.48 

.28 

.28 

.38 

.38 

.36 

.36 

.41 

.41 

.32 

.32 

.39 

.40 

.27 

.27 

.28 

.28 

.37 

.37 

.40 

.40 

.35 

.35 

.42 

.42 

.30 

.31 

.45 

.45 

.26 

.27 

.38 

.38 

.43 

.43 

.33 

.33 

.37 

.37 

.40 

.41 

.34 

.35 

.35 

.35 

.35 

.35 

.36 

.36 

.29 

.30 

.40 

.40 

.39 

.40 

.31 

.32 

.30 

.30 

.38 

.38 

.31 

.31 

.38 

.38 

.31 

.32 

.40 

.40 

.40 

.40 

Ayer. 

0^319 

Aver. 

00.387 

Aw.  0<».315 

Aver.  0^.385 

The  curve  shows  a  decided  tendency  to  become  parallel  with  the 
axis  of  temperatures.  It  may  be  noted  that  Soret  and  Guye  worked 
several  years  ago  down  to  temperatures  —  71^.5  obtaining  a  curve 
of  the  same  form  as  this  one  here  given.  It  is  hoped  that  observa- 
tions may  be  continued  here  in  the  laboratory  with  liquid  hydrogen. 

Physical  Laboratory, 
Cornell  University, 
June,  1908. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society, 

Minutes  of  the  Forty-fourth  Meeting. 

THE  society  met  in  the  Physical  Laboratory  of  Northwestern  Univer- 
sity, Evanston,  111.,  November  28,  1908,  at  10.30  A.  M.,  with 
Vice-President  Crew  in  the  chair.  In  the  absence  of  the  secretary,  R.  R. 
Tatnall  was  appointed  secretary  pro  tern. 

The  reading  of  papers  was  then  proceeded  with,  as  follows  : 

On  the  Theory  of  the  Carbon  Transmitter.     Bruce  V.  Hill. 

Dielectric  Losses  in  Alternating  Current  Circuits.     Carl  Kinsley. 

The  Hall  Effect  in  Metals  at  Very  Low  Temperatures.  Alpheus  W. 
Smith. 

Magnetic  Rotation  in  Iron  Cathode  Films.     L.  R.  Ingersoll. 

At  12.45  o'clock,  adjourned  for  luncheon.  At  2.30  P.  M.,  the  read- 
ing of  papers  was  resumed  as  follows : 

The  Resistance  of  Certain  Electroljrtes  in  a  Magnetic  Field.  W.  W. 
Stifler. 

A  Physical  Investigation  of  Kerosene  Oil.     G.  W.  Stewart. 

The  Variation  of  Temperature  with  Pressure  in  the  Mercury  Arc. 
Chas.  T.  Knipp. 

The  Potential  Gradient  in  the  Mercury  Arc  for  Different  Pressures. 
Chas.  T.  Knipp. 

A  High  Temperature  Regulator.     H.  M.  Randall. 

A  Method  of  Determining  Thermal  Conductivity  at  High  Tempera- 
tures.    J.  K.  Clement  and  W.  L.  Egy. 

The  Effect  of  Mechanical  Strains  on  Thermal  and  Electrical  Conduc- 
tivity.    N.  F.  Smith. 

The  Effect  of  Temperature  on  the  Magnetic  Properties  of  Electrol)rtic 
Iron.     E.  M.  Terry. 

On  the  Bursting  Strength  of  Glass  Tubing.     J.  R.  Roebuck. 

A  Method  of  Measuring  Alternating  Currents.  Carl  Kinsley  and 
E.  J.  Moore. 

The  Charge  on  the  Positive  Ion  of  Ionized  Gases.  L.  Begeman. 
(Read  by  R.  A.  Millikan.) 
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The  Balmer  Scries  for  Sodium.     R.  W.  Wood.     (Read  by  H.  Crew.) 
It  was  moved  and  carried  that  a  vote  of  thanks  be  extended  to  North- 
western University  for  the  entertainment  accorded  the  society. 
Adjourned  about  5.30  P.  M. 

RoBT.  R.  Tatnall, 

Secy,  pro  tern. 

The  Distribution  of  Sound  from  the  Megaphone.^ 
By  a.  G.  Webster. 

THE  sound  issuing  from  a  megaphone  attached  to  the  writer's  standard 
phone  is  measured  at  various  angles  by  the  phonometer  over  both 
grass  and  water.  With  a  cone  94  cm.  in  length  and  31.5  cm.  diameter 
and  sound  of  wave-length  134.5  cm.  about  nine  times  as  much  energy  is 
sent  along  the  axis  as  at  right  angles,  and  distinct  maxima  are  found  at 
about  fifty  degrees  from  the  axis. 

The  Reflection  of  Sound  from  the  Ground.^ 
By  a.  G.  Webster. 

WITH  the  phonometer  the  sound  from  the  phone  is  measured  at 
various  distances  and  the  interference  with  the  image  in  the 
ground  is  plainly  shown,  enabling  the  coefficient  of  reflection  to  be  de- 
termined, and  the  law  of  distance  to  be  verified.  The  reflection  is  more 
than  ninety-five  per  cent. 

The  Definition  of  a  Perfect  Gas.* 
By  a.  G.  Webster  and  M.  A.  Rosanoff. 

BESIDES  the  two  gas  laws  we  must  have  another  specification.  This 
may  be  that  the  cohesion  of  the  gas  is  zero,  or  that  the  Joule  Kelvin 
cooling  is  zero.  The  consequences  of  both  definitions  are  examined,  and 
the  resulting  equations  of  state  deduced. 

A  Physical  Investigation  of  Kerosene  Oil.* 
By  G.  W.  Stewart. 

THE  work  was  undertaken  for  the  purpose  of  adding  to  our  present 
knowledge  of  the  physical  properties  of  kerosene  oil  and  the  rela- 
tions between  them.  This  abstract  is  the  report  of  the  progress  made  up 
to  the  present  time.  The  experimental  work  was  made  possible  by  finan- 
cial assistance  from  the  State  Oil  Inspection  of  North  Dakota. 

^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 

'Abstract  of  a  paper  presented  at  the  Evanston  meeting  of  the  Physical  Society, 
NoTember  28,  1908. 
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One  of  the  matters  of  principal  interest  in  this  investigation  was  ''  illu- 
minating power."  A  two-meter  bar  with  standard  and  secondary  stand- 
ard incandescent  lamps,  standardized  ammeter,  and  Lummer-Brodhun 
photometer  furnished  a  satisfactory  equipment  for  measuring  candle- 
power.  ''Illuminating  power  **  in  this  abstract  means  the  candle-power- 
hours-per-gram,  the  candle-power  being  measured  while  using  a  certain 
flat-flame  oil  lamp,  arranged  always  in  the  same  position.  Twenty-two 
different  samples  of  oil  were  tested.  The  results  are  not  thought  to  be 
of  universal  application,  but  for  the  present  must  be  considered  as  refer- 
ring only  to  oils  refined  from  crudes  similar  to  those  of  Pennsylvania, 
Kansas  or  Ohio.  If  future  experiments  show  that  the  results  are  so 
limited,  they  will  yet  be  of  service  to  any  investigation  of  oils  from  any 
crude. 

The  illuminating  power  of  any  given  sample  varies  considerably  from 
day  to  day,  and  a  complete  explanation  of  this  variation  was  not  ascer- 
tained. Care  was  taken,  however,  to  use  one  sample  of  oil  as  a  standard 
of  comparison,  thus  reducing  all  measurements  to  the  same  basis. 

Measurements  were  made  of  the  variation  of  illuminating  power  with 
flame  height,  with  different  wicks,  and  with  time  of  burning,  and  the 
results  obtained  were  utilized  in  making  any  necessary  corrections  of  the 
data  subsequently  taken. 

Two  of  the  usual  tests  of  illuminating  oil  are  density  at  60®  F.  and 
residue  at  570®  F.  It  was  found  that  the  illuminating  power  had  no 
exact  relation  with  density  and  residue.  Measurements  of  viscosity  also 
showed  no  exact  relation  with  illuminating  power.  In  a  general  way, 
however,  the  greater  the  residue  or  the  greater  the  viscosity  of  the  oils 
obtained  in  the  market,  the  less  the  illuminating  power.  Both  these 
measurements  can  therefore  be  used  as  indicators  of  illuminating  power, 
but  occasionally  they  fail. 

It  was  found,  however,  that  when  distillates  of  one  sample  are  taken, 
there  seems  to  be  a  definite  relation  between  density  and  illuminating 
power,  the  latter  increasing  slowly  with  the  former. 

Further,  the  viscosity  of  the  distillates  was  found  to  have  a  relation 
with  the  illuminating  power,  an  increase  of  viscosity  meaning  an  increase 
of  illuminating  power. 

These  two  facts  are  in  apparent  contradiction  to  the  statements  made 
above.  The  explanation  rests  in  the  fact  that  when  the  distillates  of  one 
sample  are  used  they  can  be  regarded  as  possessing  equal  refinement ; 
but  not  so  with  different  samples  taken  at  random  in  the  market. 

The  presence  of  detrimental  compounds  which  are  not  removed  in  the 
refining  process  prevents  any  definite  relation  between  density  and  illu- 
minating power,  residue  and  illuminating  power,  and  viscosity  and  illu- 
minating power,  and  makes  possible  this  apparent  contradiction. 
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The  reason  for  the  decrease  of  illuminating  power  in  the  various  samples 
with  increase  of  residue  and  viscosity  is  that  these  conditions  are  accom- 
panied by  an  increase  of  undesirable   compounds. 

Whether  or  not  these  explanations  are  true,  they  led  to  a  discovery 
which  is  of  considerable  interest  and  which  promises  usefulness.  If  the 
coefficients  of  viscosity  of  samples  of  oil  on  the  market  are  compared 
with  what  the  coefficients  should  be,  judging  from  the  viscosity-density 
curve  of  the  distillates  of  a  very  good  sample,  then  the  excess  of  viscos- 
ity is  a  very  good  indication  of  the  inferiority  of  illuminating  power. 
But,  further,  if  what  might  be  called  the  ''  normal  illuminating  power" 
(or  the  illuminating  power  of  a  very  good  sample)  is  multiplied  by  the 
ratio  of  the  "ideal  **  viscosity  for  that  density  to  the  actual  viscosity,  the 
result  is,  on  the  average,  within  one  per  cen  .  of  the  actual  value  found 
for  illuminating  power.  The  maximum  difference  between  computed  and 
observed  values  is  only  two  per  cent.  In  as  much  as  one  per  cent,  is  the 
limit  of  accuracy  of  the  experiments,  this  result  is  very  striking.  In  mak- 
ing these  tests  seventeen  samples  were  used,  three  of  them  being  obtained 
from  independent  refineries  in  Pennsylvania,  Ohio  and  Kansas.  This 
empirical  method,  then,  seems  to  present  the  possibility  of  a  simple  and 
easy  method  of  determining  the  illuminating  power  if  the  oils  are  from 
these  three  fields,  and  this  method  can  be  employed  with  a  very  small 
amount  of  standardized  apparatus  in  a  very  short  time. 

The  question  not  yet  ascertained  is  the  limit  of  applicability  of  the 
method.  If  the  reason  for  the  operation  of  the  method  is  correctly  given 
above,  then  it  is  quite  possible  that  the  viscosity  test  will  materially  as- 
sist in  determining  whether  or  not  the  detrimental  compounds  have  been 
properly  removed  in  the  refinement  of  the  oil.  The  measurements  of  the 
coefficients  of  viscosity  were  made  with  the  capillary  tube  method,  with 
an  accuracy  within  one  per  cent.  Due  regard  was  paid  to  temperature 
variations  of  density  and  viscosity.  The  latter  was  determined  by  ex- 
periment. 

The  ability  of  an  oil  to  maintain  a  flame  of  constant  height  is  com- 
monly called  the  "burning  quality."  This  test  is  usually  made  in  a 
straightforward  manner,  but  it  is  not  satisfactory.  Preliminary  experi- 
ments have  been  performed  which  show  that  the  burning  quality  depends 
quite  largely  upon  the  viscosity.  (Effects  of  surface  tension  did  not  vary 
two  per  cent.,  while  viscosity  varied  sixty  per  cent. )  Viscosity  furnishes 
a  rough  indication  of  burning  quality,  but  future  experiments  may  show 
that  this  test,  or  the  combination  of  it  with  some  other  will  prove  to  be 
a  very  satisfactory  method  of  determining  the  burning  quality.  Residue 
measurements  are  also  of  great  importance  in  this  connection. 

Undoubtedly  some  of  the  work  herein  noted  is  not  new,  e,  g,,  the 
measurement  of  viscosity  of  kerosene  oil,  but  no  trace  has  been  found  of 
an  investigation  similar  in  character  or  results. 
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The  detailed  publication  of  the  experiments  are  reserved  until  a  more 
complete  report  can  be  made. 

State  University  and  School  of  Mines 
OF  North  Dakota. 

The   Effect  of  Temperature  on  the  Magnetic  Properties 
OF  Electrolytic   Iron.* 

By  E.  M.  Terry. 

THE  iron  for  this  work  was  furnished  by  Prof.  C.  F.  Burgess,  of  the 
Electro-Chemistry  Department,  and  has  been  shown  to  have  a 
purity  of  99.97  per  cent.  Rings  were  cut  from  the  cathode  deposit  and 
tested  magnetically  by  a  modification  of  the  Rowland  Ring  Method. 

Hysteresis  and  magnetization  curves  were  taken  at  temperatures 
ranging  from  —  190®  C.  to  780®  C.  at  intervals  of  20®  C.  to  100®  C,  both 
for  freshly  deposited  and  annealed  samples.  The  energy  loss  per  cycle 
and  coercive  force  were  found  to  decrease  uniformly  with  increasing  tem- 
perature, while  the  retentivity  has  a  maximum  at  about  room  temperature. 
The  permeability  for  low  values  of  magnetizing  force  increases  with  the 
temperature,  reaching  a  maximum  of  9,500  for  ^s  .5,  T^b  740^  C. 
For  larger  values  of  ^the  permeability  decreases  with  increasing  tem- 
perature. 

One  sample,  after  annealing,  was  found  to  have  a  coercive  force  of 
only  1.2. 

Magnetic   Rotation  in  Iron  Cathode   Films.^ 

By  L.  R.  Ingersoll* 

THE  writer's  bolometric  method  of  measuring  magnetic  rotations  of 
the  plane  of  polarization  for  the  range  of  spectrum  from  about 
A  a=  .6  At  to  2.5  At'  has  been  developed  until  rotations  as  small  as  .001^  can 
be  measured  under  favorable  conditions.  By  this  method  the  rotation  on 
transmission  through,  and  reflection  from,  thin  iron  cathode  films  in  a 
field  of  about  6,000  units  has  been  measured  for  various  wave-lengths. 
The  two  curves  obtained  in  this  way,  for  the  Faraday  and  Kerr  effects  re- 
spectively, are  in  general  quite  similar  and  show  an  increase  of  rotation 
with  wave-length  to  about  A  =  1.5  /:i.  Assuming  Kundt's  value  of 
200,000^ /cm.  as  the  rotation  of  iron  for  yellow  light  the  maximum  rota- 
tion would  be  on  this  basis  about  340, 000^ /cm. 

The  relation  of  the  reflection  rotation  to  the  thickness  of  the  film  was 
also  investigated  and  it  was  found  that  a  film  of  less  than  20  mm  in  thick- 

'  Abstract  of  a  paper  presented  at  the  Evanston  meeting  of  the  Physical  Society, 
NoTember  28,  1908. 

«  See  Phil.  Mag.,  Jan.,  1906,  and  Phys.  Rev.,  Dec.,  1906. 
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ness  contributes  more  than  half  of  this  rotation.  Characteristic  changes 
in  the  curves  appear  when  the  films  are  oxidized,  and  are  accompanied 
by  changes  in  the  absorption  or  reflecting  power  of  the  film. 

When  the  films  are  overlaid  with  liquids  of  various  refractive  indices 
the  Kerr  rotation  is  found  to  increase  and  to  be  roughly  proportional  to 
these  indices.  On  certain  assumptions  this  may  be  shown  to  be  in  ac- 
cordance with  Voigt's  theory. 

The  Hall  Effect  in  Metals  at  Very  Low  Temperatures.* 
By  Alpheus  W.  Smith. 

THE  Hall  effect  in  iron,  nickel,  cobalt,  copper,  platinum,  cadmium 
and  calcium  has  been  measured  at  room  temperature  and  at  the 
temperatiure  of  liquid  air.  In  the  cases  of  iron,  nickel  and  cobalt  curves 
have  been  obtained  showing  the  relation  between  the  Hall  effect  and  the 
strength  of  the  magnetic  field.  For  each  of  these  metals  two  curves 
have  been  plotted,  one  for  22®  C,  the  other  for  —  190®  C.  The  methods 
of  observation  were  essentially  those  employed  by  other  experimenters  on 
this  effect.  The  effect  in  copper,  platinum  and  cadmium  increases  with 
decreasing  temperature.  On  the  other  hand  the  effect  in  iron,  nickel, 
cobalt  and  calcium  decreases  with  decreasing  temperature. 
Physical  Laboratory, 

University  of  Wisconsin. 

The  Effect  of  Mechanical  Strains  on  Thermal  and  Elec- 
trical Conductivity.* 

By  N.  F.  Smith. 

AT  the  meeting  of  the  Physical  Society  in  December,  1907,  a  pre- 
liminary report  was  given  on  the  changes  in  the  thermal  and  elec- 
trical conductivities  of  metal  bars  due  to  the  influence  of  a  stretching 
force.  Since  then  these  measurements  have  been  completed  with  the 
following  results.  In  all  cases  the  thermal  conductivity  of  the  bars  in- 
creases when  a  moderate  tension  is  applied.  As  the  limit  of  elasticity  is 
approached  this  increase  reaches  a  maximum.  When  the  tension  exceeds 
this  limit  the  conductivity  remains  practically  constant  in  the  case  of 
steel  and  brass  or  begins  to  diminish  in  the  case  of  iron  and  copper. 
The  total  change  in  thermal  conductivity  due  to  tension  amounts  to  from 
3  to  8  per  cent. 

The  corresponding  changes  in  electrical  conductivity  are  much  smaller 
and  in  each  case  the  electrical  conductivity  is  diminished  under  tension. 

lAbstrmct  of  a  paper  presented  at  the  EYanston  meeting  of  the  Fhjsical  Society, 
Norember  28,  1908. 
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The  same  experimental  method  has  been  applied  to  investigate  the 
effects  produced  by  torsion.  These  measurements  are  still  incomplete 
but  have  been  carried  far  enough  to  show  that  the  thermal  conductivity, 
like  the  electrical,  is  diminished  by  torsion  and  that  the  changes  in  thermal 
conductivity  are  much  the  greater  in  magnitude. 

Dielectric  Losses  in  Alternating  Current  Circuits.* 
By  Carl  Kinsley. 

THE  equations  showing  the  distribution  of  energy  in  simple 
alternating  current  circuits  must  contain  terms  giving  the  copper, 
«ddy  current,  iron  core  and  dielectric  losses.  The  imporUnce  of  the 
iron  core  loss  has  been  recognized  and  its  amount  carefully  determined 
for  the  conditions  usually  met  in  practice.  The  dielectric  loss  however 
although  recognized  has  generally  been  found  to  be  either  negligible  or 
assumed  to  be  so  without  any  actual  determination.  I  have  found  that 
frequently  the  dielectric  loss  is  very  large  and  it  may  be  even  larger  than 
all  of  the  other  losses  in  the  circuit.  The  dielectric  loss  is  a  function  of 
the  temperature  and  the  paper  gives  determinations  for  temperatures  be- 
tween —  14®  C.  and  50®  C.  Various  dielectrics  have  been  examined 
and  whenever  they  show  absorption  then  the  energy  losses  are  considerable. 

On  the  Theory  of  the  Carbon  Transmitter.* 
By  Bruce  V.  Hill. 

ASSUME  that,  in  the  transmitter,  the  diaphragm  and  carbon  granules 
are  perfectly  elastic  within  the  limits  of  vibration  imposed  upon 
them  by  a  sound  wave.  Assume  also  that  the  resistance  of  the  granules 
varies  as  the  pressure  through  these  small  limits.  If  we  examine  the 
simple  circuit  of  the  local  battery  instrument  and  allow  a  simple  sine 
wave  to  fall  upon  the  diaphragm,  the  statement  of  Ohm's  law  for  this 
case  is 

L-j-^IR{i+as\n  2nnt)  =  E. 

A  complete  solution  of  this  equation  is 

E   -f(i-lo«.i)r     .  ^//*       a     ,         \    .     ^ 

//•_2^/«nW_2a^o^^^ 

^   ^  3  «,«  ai'  ^  2a*'     ^  40**  /J 

1  Abstract  of  a  paper  presented  at  the  Evanston  meeting  o\  the  Physical  Society 
NoTember  28,  1908. 
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From  this  equation  wc  see  that  the  current  in  the  primary  is  equivalent 
to  the  direct  current  /=  EjR  with  an  uns3rmmetrical  undulation  super- 
posed upon  it. 

An  approximate  solution  may  be  obtained  by  overlooking  the  induc- 
tance of  the  primary  circuit  and  writing 


R{i  +  asivk  wt) 

JS 

/=  ^  (  I  —  <j  sin  w/  +  a*  sin*  wt  —  a'  sin*  wt  +  etc.  ) 

dlldR  =  —  2'Kna  —  (  cos  2nnt  —  a  sin  ^nnt 

+  3<j*  sin*  2T«/ cos  2-Knt  —  etc.)* 

The  current  in  the  secondary  is  then  of  the  form 

r  =  MIZ .  dlfdU 

This  is  an  alternating  current  having  harmonics  present  with  the  funda- 
mental, the  octave  being  the  most  prominent.  Experience  with  the 
telephone  confirms  this  result.  It  is  also  found  that  the  energy  of  the 
fundamental  in  the  voice  current  is  directly  proportional  to  that  of  the 
impinging  sound  wave. 

A  Method  of  Determining  Thermal  Conductivity  at  High 

Temperatures.* 

By  J.  K.  Clement  and  W.  L.  Egv. 

THE  following  method  has  been  devised  for  the  determination  of  the 
thermal  conductivity  of  solids  at  temperatures  lying  between  400^ 
and  1200®  C. 

The  material  to  be  investigated  is  made  in  the  form  of  a  cylinder  about 
12  cm.  in  diameter  and  40  cm.  long,  with  a  cylindrical  opening  through 
the  center  large  enough  to  admit  an  electric  heating  coil.  The  cylinder 
is  further  provided  with  several  longitudinal  openings  situated  at  different 
distances  from  the  axis  and  of  sufficient  size  to  permit  the  introduction  of 
a  thermo-couple.  The  temperature  gradient  perpendicular  to  the  axis 
is  determined  by  means  of  a  differential  platinum,  platinum>rhodium 
thermo-couple.  The  heat  developed  is  calculated  from  the  number  of 
watts  of  electrical  energy  dissipated  in  the  heating  coil. 

The  conductivity  K  can  be  computed  from  the  formula 

^  Abstract  of  a  paper  presented  at  the  Evanston  meeting  of  the  Physical  Society, 
NoYember  28,  1908. 
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m  which  "/'*  is  the  length  of  coil,  and  T^  —  T^  is  the  difference  in 
temperature  between  two  points  at  distances  r,  and  r^,  from  the  axis. 

Some  measurements  have  already  been  made  with  soft  steel  and  fire 
clay.  The  conductivity  of  the  former  falls  from  0.2  at  400®  to  0.08  at 
850®  C.  That  of  the  latter  is  nearly  constant,  about  0.0024,  between 
450®  and  750®.  These  values  are  expressed  in  terms  of  calories,  centi- 
meters, centigrade  degrees  and  seconds. 

A  Method  of  Measuring  Alternating  Currents.^ 
By  Carl  Kinsley  and  E.  J.  Moore. 

THE  following  method  was  devised  for  the  measurement  of  alternat- 
ing currents  and  particularly  for  the  the  determination  of  small 
variations  in  the  current  flowing  in  a  circuit. 

A  short  heating  wire  of  iron,  manganin  or  other  material  is  used  to 
carry  the  current  and  about  this  is  wrapped  an  insulated  No.  40  copper 
wire.  The  wires  are  mounted  in  a  glass  tube  which  is  exhausted.  The  short 
wire  carrying  the  current  heats  the  wire  which  is  wrapped  around  it  and 
this  wire  is  made  of  one  of  the  arms  of  a  Wheatstone  bridge.  Either 
the  galvanometer  can  be  arranged  to  read  the  current  directly  upon  a 
properly  divided  scale  or  else  a  direct  current  can  be  sent  through  the 
wire  of  such  a  value  that  the  heating  effect  is  the  same  as  that  due  to  the 
alternating  current.  The  direct  current  can  then  be  read  with  any  of 
the  usual  D.C.  instruments. 

The  method  has  been  found  to  be  particularly  sensitive  and  accurate. 
Some  cases  in  which  it  has  been  used  were  discussed. 

'Abstract  of  a  paper  presented  at  the  ETanston  meeting  of  the  Physical  Society, 
November  28,  1908. 
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THE   COEFFICIENTS   OF  GAS   VISCOSITY.     II. 

By  WiLLARD  J.  Fisher. 

Construction  of  Apparatus. 

THE  apparatus  described  in  the  following  pages  was  constructed 
with  the  facilities  and  help  of  the  department  of  physics, 
Cornell  University,  and,  toward  the  end  of  the  construction,  with  the 
aid  of  a  grant  from  the  Rumford  Fund  by  the  American  Academy 
of  Sciences,  in  carrying  out  a  research  on  the  viscosity  of  gases  and 
its  variation  with  the  temperature. 

In  a  previous  paper,*  Part  I.  of  this  series,  the  writer  has  shown 
how  Sutherland's  equation  for  gas  viscosity  may  be  represented  by 
a  straight  line,  and  has  used  the  method  for  finding  the  two  con- 
stants of  the  equation,  taking  as  a  basis  the  published  data  of  von 
Obermayer,  Breitenbach,  Schultze,  Markowski,  E.  Wiedemann, 
Holman  and  Bestelmeyer.  Since  the  appearance  of  Part  I. 
Grindley  and  Gibson  *  have  made  researches  on  the  flow  of  air 
through  long  metal  tubes,  and  in  reducing  their  results  used  the 
same  graphical  method.  All  the  data  published  lead  to  the  con- 
clusion that  Sutherland's  equation  accurately  represents  the  facts 
for  temperatures  above  the  critical  and  pressures  such  that  Boyle's 
law  holds.  The  graphical  representation  of  the  data  in  Part  I.  led 
the  writer  to  look  for  relations  between  molecular  weight,  ratio  of 
specific  heats  and  other  constants  of  pure  gases,  and  their  viscosity 
constants.     Certain   indications  of  relations  were   found,  but  the 

>  Willard  J.  Fisher,  Phys.  Rev.,  24,  p.  385,  1907. 

*  J.  H.  Grindley  and  A.  H.  Gibson,  Proc.  Royal  Soc,  A,  80,  p.  114,  1908. 
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experimental  basis  is  as  yet  too  narrow  for  definite  conclusions.  It 
is  hoped  that  the  apparatus  here  described  will  ultioiately  throw 
light  on  this  problem,  whose  solution  will  undoubtedly  bear  on  that 
of  the  partition  of  energy. 

Apparatus — General. — The  general  idea  of  the  apparatus  was 
suggested  by  that  made  at  Halle  by  H.  Schultze/  and  afterward 
used  by  H.  Markowski,  F.  Kleint  and  P.  Tanzler.  The  advantages 
of  Schultze's  arrangement  are  considerable  —  it  has  entire  symmetry 
about  the  capillary  and  uses  but  a  small  quantity  of  gds,  which  \s 
forced  back  and  forth  through  the  capillary,  and  so  allows  of  an 
indefinite  number  of  determinations  with  identically  the  same  por- 
tion of  gas.  Hence,  also,  great  pains  can  be  taken  to  secure 
purity  of  the  gas  used. 

In  the  apparatus  to  be  described  all  pressures  were  measured 
with  mercury,  and  a  zero  manometer — a  barometer,  but  dipping 
into  the  same  reservoir  of  mercury  as  the  manometers  for  measur- 
ing difference  of  pressure  —  was  made  an  integral  part  of  the  appa- 
ratus ;  this  enables  the  pressures  on  the  two  sides  of  the  capil- 
lary to  be  measured  with  the  same  steel  scale,  instead  of  using  two 
separate  scales  and  a  separate  barometer.  Schultze's  water  manom- 
eter method  is  no  doubt  more  sensitive,  but  is  also  more  compli- 
cated in  construction  and  use.  The  gas  pipettes  and  mercury 
buckets  for  measuring  the  volume  of  gas  and  securing  a  constant 
pressure  were  all  made  cylindrical,  which  allows  easier  construction 
and  a  more  nearly  automatic  method  of  pressure  regulation  by  an 
electric  windlass ;  the  gas  pipettes  were  calibrated  and  mounted  in 
such  a  way  that  frequent  observations  of  time  and  volume  could  be 
made,  to  eliminate  accidental  errors  of  observation.  The  capillary 
was  made  of  Jena  59  III  glass,  on  account  of  its  high  melting 
point  and  excellent  qualities  as  reg^irds  after-working  and  low  ex- 
pansion coefficient ;  it  was  also  calibrated  by  a  graphical  method, 
considered  to  be  an  improvement  on  Schultze*s,  as  it  permits  very 
numerous  observations  to  be  utilized  in  the  calibration.  For  vary- 
ing the  temperature  of  the  capillary  an  electric  furnace  was  used, 
and  for  measuring  its  mean  temperature  a  platinum  thermometer 
with  compensated  leads  after  Callendar's  plan,  which  plan  was  also 
used  in  the  construction  of  the  bridge. 

'  H.  Schultze,  Ann.  d.  Phys.,  5,  p.  140,  190X. 
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Manometers.  —  The  glass  parts  of  the  pressure  measuring  appa- 
ratus and  connections  for  filling  are  shown  in  Fig.  i,  together  with 
the  gas  pipettes  and  the  water  jackets  for  maintaining  a  reasonably 
constant  temperature  in  the  pipettes. 


Fig.  1. 

A  and  B  are  two  glass  tubes  of  about  I  cm.  bore,  84  cm.  long^ 
12  cm.  apart,  joined  below  by  a  horizontal  tube  E,  2  cm.  diameter, 
and  connected  above  to  two  four-way  joints  /,  and  t^.  At  F  there 
is  a  cup-shaped  opening,  and  into  this  there  is  ground  in  and 
cemented  tight  a  tube  94  cm.  long  ;  this  ends  below  in  a  prolonga- 
tion with  a  small  opening,  which  dips  into  a  cup  formed  on  the 
under  side  of  E,  and  above  in  a  tube  Z  about  i  cm.  bore  and  30 
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cm.  length,  sealed  shut  at  its  upper  end.  The  tubes  A  and  B  are 
the  pressure  manometers,  and  by  their  readings  the  difference  of 
pressures  on  the  two  sides  is  determined  ;  Z  is  exhausted  of  air  and 
inverted  in  the  mercury  of  £,  and  serves  as  a  zero  manometer ;  by 
the  difference  between  its  reading  and  those  of  A  and  B  the  true 
pressures  in  the  latter  are  determined.  By  raising  and  lowering  G 
the  mercury  levels  in  A,  B  and  Z  are  adjusted. 

The  four-way  joints  /^  and  /,  receive  the  tubes  from  A  and  B 
before  described,  and  send  branches  sideways  to  the  gas  pipettes 
through  glass  springs,  upwards  to  tubes  which  bend  over  downward 
behind  the  apparatus,  join  the  stopcocks  ^  and  5,  and  then  turn 
backwards  to  the  capillary.  Inwards  branches  go  from  /^  and  /,  to 
a  central  four-way  cock  /.  From  this  a  branch  goes  upward 
through  stopcock  2,  and  bends  backward  to  the  gas-generator  and 
purifier  ;  also  a  branch  goes  straight  backwards  from  /  and  bends 
downward  through  cock  j  to  the  air-pump  hose.  All  tubing  not 
otherwise  specified  is  of  about  2.5  mm.  bore. 

With  the  exception  of  one  well  shellacked  short  rubber  connection 
between  cocks  /  and  j,  and  of  ground  joints  at  /^  and  between  cocks 
4,  5  and  the  capillary,  all  made  tight  with  De  Khotinsky  cement, 
the  joining  of  glass  tubing  was  done  with  the  blowpipe,  followed  by 
as  careful  annealing  as  possible. 

Manometers  A  and  B  are  not  of  exactly  the  same  diameter,  but 
fortunately  the  piece  of  tube  of  which  the  wide  part  Z  of  the  zero 
manometer  was  made  was  found  to  give  exactly  the  same  capillary 
depression  of  mercury  as  tube  B ;  this  was  determined  by  inserting 
the  tube  in  /%  and  comparing  the  levels. 

The  zero  manometer  was  made  with  the  prolonged  lower  end 
closed  and  bent  over  at  the  tip,  and  was  exhausted  through  the 
upper  end  of  Z  while  sealed,  in  a  horizontal  position,  to  a  Sprengel 
pump.  During  the  exhaustion  the  air  film  on  the  walls  was  removed 
by  heating  as  hot  as  it  was  considered  safe  to  do  with  a  Bunsen 
burner  ;  then  the  end  of  Z  was  sealed  off  from  the  pump,  a  little 
nick  scratched  just  above  the  turned  over  end  of  the  prolongation, 
this  dipped  below  the  mercury  at  F,  and  the  tip  knocked  off.  The 
sealing  of  the  joint  with  De  Khotinsky  cement  was  then  completed 
at  leisure. 
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All  stopcocks  were  made  tight  with  a  grease  recommended  by 
Prof.  A.  W.  Browne,  of  the  department  of  chemistry :  four  parts 
of  vaseline  and  one  of  paraffine  were  melted  together,  and  the  mix- 
ture filtered  hot.  This  proved  very  efficient  in  making  tight  joints, 
and  has  the  advantage  of  being  chemically  inactive. 

The  barometer  used  in  checking  the  zero  manometer  was  by 
Henry  J.  Green,  of  the  Fortin  type,  with  brass  scale ;  the  internal 
diameter  of  the  tube  is  not  known,  but  is  estimated  to  be  1.5  cm. 

A  portion  of  the  steel  scale,  with  its  sliders,  is  shown  in  Fig.  2. 
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It  was  made  by  Brown  and  Sharpe  Mfg.  Co.,  and  is  i  inch  wide, 
^  inch  thick  and  127  cm.  long,  with  graduation  to  millimeters.  It 
is  guaranteed  accurate  at  62*^  F.,  which  was  justified  by  comparison 
with  a  Geneva  Sodety  standard  meter  bar.  On  its  right  edge  a 
rack  is  cut,  into  which  the  pinions  of  the  sliders  mesh.  The 
sliders  are  of  brass  ;  Fig.  2a  shows  that  used  with  the  zero  manom- 
eter. Fig.  2b  one  of  the  two  made  for  the  pressure  manometers. 
Either  may  be  moved  to  any  position  by  a  rack  and  pinion.  The 
bearing  surface  is  on  the  long  straight  left  side  of  the  scale,  while 
strong  spring  plungers  press  against  the  right  side  to  give  accurate 
travel.  An  opening  is  out  in  front  to  the  graduations,  and  contains 
a  vernier  on  silver  reading  to  .05  mm.  Each  slider  carries  one  or 
two  glass  windows,  with  hair  lines,  adjustable  upward  by  capstan- 
head  screws,  pressed  against  these  by  springs,  and  held  against  the 
brass  frames  by  felt  packing.  The  hair  lines  were  adjusted  in  line 
with  the  vernier  zeros  and  perpendicular  to  the  bar  by  the  help  of 
the  sliding  bed  and  microscopes  of  a  small  Geneva  Society  dividing 
engine.  The  vernier  zero  is  placed  at  the  center  for  convenience 
in  reading  the  scale.     Parallax  was  eliminated  by  reflection  from 
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mirrors  fastened  to  the  supporting  board  behind  the  mercury  col- 
umns. The  hair  line  was  brought  down  to  apparent  contact  with 
the  top  of  the  meniscus.  The  mercury  tubes  were  tapped  before 
reading,  to  insure  constant  form  of  the  meniscus. 

The  scale  was  adjusted  to  the  vertical  with  a  reversible  level ; 
the  vernier  readings  were  checked  against  each  other  by  measure- 
ments of  the  same  height ;  the  parallax  mirrors  were  tested  for 
curvature  and  inclination  with  an  accurately  horizontal  telescope 
provided  with  a  vertical  scale  and  long  spirit  level  —  the  reflected 
image  of  the  scale,  seen  against  the  cross-hairs,  enabled  a  calcula- 
tion of  the  error  to  be  made.  The  two  pressure  manometers  were 
also  compared,  to  secure  corrections  for  capillary  depression.  A 
table  of  values  was  computed  for  the  correction  factor  to  reduce 
observed  heights  of  mercury  to  true  centimeters  at  o°  C,  which 
covered  the  range  io°  to  30°  C,  and  was  applied  to  all  observa- 
tions. The  zero  and  left-hand  manometers,  used  as  a  siphon 
barometer,  were  compared  with  the  Green  barometer,  and  found  to 
agree  with  this  as  well  as  its  somewhat  doubtful  capillary  correction 
would  allow. 

Gas  Pipettes  and  Water  Jackets,  —  The  original  five-foot  length  of 
glass  tubing  from  which  the  pipettes  were  made  was  selected  from 
stock,  and  was  very  nearly  2.8  cm.  in  internal  diameter  at  each  end 
and  1.7  mm.  wall  thickness.  The  pipettes  were  about  44  cm.  long, 
and  graduated  in  centimeter  divisions  with  a  beam  compass,  using  the 
same  Brown  and  Sharpe  steel  scale  (marked  a")  which  was  used  in 
the  calibration  of  the  capillary  tube.  The  graduations  were  etched 
in  with  hydrofluoric  acid.  The  outsides  of  the  pipettes  were  silvered 
by  Brashear's  method,  and  a  strip  down  the  back  coated  with  shel- 
lac, then  the  rest  of  the  silver  removed.  The  graduations  were 
blackened  with  grease  pencil.  The  construction  gives  an  inverted 
real  image  of  a  graduation-mark,  distant  from  the  back  two  thirds 
the  radius  of  the  tube.  By  placing  the  eye  in  such  a  position  that 
the  tip  of  a  graduation  line  is  in  apparent  contact  with  the  tip  of 
its  image  a  very  efficient  correction  for  parallax  is  obtained.  The 
pipettes  were  set  in  the  water  jackets,  cleaned  with  sodium  hydrate, 
chromic  acid  and  distilled  water,  stopcocks  sealed  on  below  and  the 
upper  ends  sealed  by  glass  spring  tubes  to  the  manometers. 
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The  water  jackets  were  made  of  sheet  copper,  each  with  tubes 
on  the  side  above  and  below  for  admission  and  exit  of  water,  an 
opening  centrally  below  for  a  stopper,  with  inside  a  larger  circular 
rim  about  it  for  cement ;  above  two  openings,  one  central,  with  a 
screw  cap  (perforated)  for  a  stopper,  another  beside  it,  to  hold  the 
gauge  tube  g  and  thermometer.  The  pipettes,  the  glass  front  win- 
dows and  the  gauge  tubes  were  set  with  glycerine  and  litharge 
cement. 

The  two  water  jackets  were  connected  below  by  rubber  tubing, 
with  a  T-joint  and  stopcock  7  for  emptying,  when  necessary. 
Above,  each  was  connected  by  a  flexible  tube  to  a  large  water 
bucket  tapped  near  its  bottom.  Raising  one  bucket  and  lowering 
the  other  caused  water  to  flow  steadily  through  the  jackets,  the  rate 
being  controlled  by  pinch  cocks.  The  glass  gauge  tubes  g  showed 
by  their  difference  of  water-level  whether  water  was  flowing  or  not, 
and  also  served  for  the  introduction  of  the  thermometers.  Since 
the  water  supply  was  thus  quite  large  in  quantity,  and  at  the  tem- 
perature of  the  room,  the  temperature  of  the  pipettes  could  be 
maintained  nearly  constant  for  quite  long  times. 

After  setting  the  parts,  allowing  the  cement  to  harden,  and  con- 
necting the  pipettes  to  the  manometers,  the  whole  apparatus  was 
exhausted  and  let  stand,  to  test  the  tightness  of  the  blown  glass 
joints  and  the  stopcocks.  Then  the  pipettes  were  filled  with  mer- 
cury and  calibrated. 

The  calibration  of  the  pipettes  was  carried  out  according  to  the 
following  theory. 

The  volume  between  the  top  and  any  cross-section  of  a  right 
circular  cone  is  expressed  by 

F=  x{a-\-bx  +  ex"), 

in  which  x  is  the  distance  from  the  top  of  the  frustum  to  the  sec- 
tion in  question,  and  a,  b,  c  are  functions  of  the  base  radii  and  total 
height  of  the  frustum.  Since  an  ordinary  glass  tube  is  somewhat 
conical,  an  expression  of  the  same  form  may  express  the  volume 
between  graduation  marks ;  then  x  represents  the  distance  between 
an  assumed  zero  graduation  and  any  other.  Volume  calibration 
of  a  glass  tube  graduated  in  centimeters,  like  one  of  these  pipettes, 


Digitized  by 


Google 


8o 


WILLARD  J,   FISHER. 


[Vol.  XXVIII. 


consists  then  in  finding  the  values  of  a^b,  c\  these  are  not  to  be 
supposed  equal  to  the  coefficients  of  the  right  circular  frustum,  as 
the  elements  of  the  bounding  surface  are  probably  not  straight 
lines. 

If  the  length  be  divided  into  five  parts,  whose  ends  are  designated 
by  jr^  •  •  •  x^^  then  mercury  may  be  run  out  and  weighed  and  the 
volume  determined  from  the  observed  temperature ;  starting  from 
the  point  x^  and  running  out  the  portion  from  x^  to  x^,  then  in 
addition  into  the  same  bottle  the  portion  from  x^  to  x^,  etc.,  then  the 
masses  »ij  (from  x^  to  ;r,),  w,  (from  x^  to  ;rj,  etc.,  are  known. 
W3  —  m^  is  the  mass  from  x^  to  x^,  m^  —  wi,  the  mass  from  x^  to  x^, 
m^  —  m^  that  from  x^  to  x^ ;  these  masses  are  nearly  equal  and 
determined  by  independent  weighings,  while  x^  —  x^,  x^  —  x^, 
x^  —  jTj,  are  equal  if  the  graduations  are  good.  Call  their  common 
value  d,  and  the  density  of  mercury  p,  constant  if  the  temperature 
control  is  good.     Then 

(0 


^JP  =  -^oC^  +  *^o  +  ^^0% 


and  five  similar  equations  with  different  subscripts.      Hence 


-  =  ^  +  H^,  +  ^0)  +  ^(^'  +  3^5^o)     (2) 


f'(^z-^o)  P^ 

and  two  like  equations  with  subscripts  (4,  i),  (5,  2).     From  these 
last  three  equations  a,  b,  c  are  found. 

The  equations  have  been  written  in  the  above  form  for  symmetry 
and  hence  brevity ;  but  in  using  them  x^  and  m^  must  be  taken  equal 
to  zero  —  the  calibration  must  begin  with  the  zero  of  the  gradua- 
tion. The  differences  x^-^x^,  ;r,— jTj,  .  .  .  ,  need  not  be  equal; 
then  the  computations  are  slightly  longer. 


Table  I. 

Pipette. 

Memn 
Temperature. 

a 

b 

c 

C 
D 

2L70 
21.38 

5.4750 
5.3768 

-0.0005 
2.47-ia-« 

-1.27-10-5 
3.0  -lO-* 

Three  sets  of  weighings  were  made  for  pipette  D ;  from  them  the 
calibration  calculations  were  carried  out,  the  results  forming  Table  I. 
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Pipette  Cwas  not  so  accurately  calibrated,  owing  to  trouble  with 
the  silver  coating,  and  was  not  often  used  in  runs. 

These  constants  give  check  values  for  both  pipettes  agreeing  with 
the  mean  weighings  much  better  than  the  observed  weights  agree 
among  themselves. 

The  balance  used  was  a  lecture  balance  by  Ruprecht,  sensitive 
to  less  than  .05  gram  with  over  3  kg.  each  side.  The  weights  were 
corrected  to  .10  gram  by  standards.     Double  weighing  was  used. 

For  determining  the  temperature  of  the  pipettes  three  thermom- 
eters were  calibrated,  Baudin's  make,  numbers  8,536  (range  —  1.5° 
to  30°),  1 2,979  (—  2°  to  43°),  15,000  (—  1°  to  41°),  all  divided  to 
l^°.  These  were  tested  in  melting  ice,  with  the  following  results, 
estimating  hundredths. 


8,536   read  +0.10. 

May  15,  1908. 

Thermometer  dated  Sept.,  1880. 

12,979     "     +0.00. 

May  11.  1906. 

"    June,  1891. 

"     +  0.00. 

Jan.  15,  1907. 

"     +  0.01. 

May  30,  1908. 

LS,000     "     +0.02. 

May  11,  1906. 

*•    July.  1899. 

"     +0.03. 

Jan.  15.  1907. 

"     +0.03. 

May  30,  1908. 

The  standards  for  comparison  were  two  sensitive  Baudin  ther- 
mometers, graduated  to  .02°,  which  had  been  calibrated  at  the  Bureau 
of  Standards  for  the  work  done  by  Mr.  F.  E.  Kester  in  this  laboratory 
on  the  Joule-Thomson  effect.  Their  ice  points  were  tested  by  the 
writer,  for  comparison  with  the  Bureau  of  Standards'  determinations. 


Number. 

Baudin  No. 

Bureau  Standards. 

W.  J.  F. 

Ice. 

i             Date. 

Ice.         '             Date. 

10213 
10214 

945 
946 

0.4206 
0.4600 

1    Mar.  10,  1905 
Mar.  10,  1905 

0.420      1    Dec.  14.  1907 
0.460         Dec.  14.  1907 

The  apparatus  for  comparison  was  made  of  an  unsilvered  Dewar 
cyhnder  large  enough  to  contain  all  the  thermometers  to  be  com- 
pared and  supplied  with  a  heating  coil  inside  at  the  bottom,  and  a 
tube  through  which  air  could  be  forced  to  act  as  a  stirrer,  which  also 
carried  supports  for  the  thermometers.  The  amount  of  water  used 
was  sufficient  for  complete  immersion  of  the  stems,  as  this  was  the 
way  they  were  to  be  used  in  the  water  jackets.  The  errors  of  the 
three  thermometers  were  determined  over  a  range  from  12°  to  27^ 
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and  smooth  correction  curves  plotted.  The  ranges  of  these  correc- 
tions were  from  —.10®  to  —.15®  for  B.  15,000;  —.05°  to  —.10°  for 
B.  12,979;  —.14°  to  —.18°  for  B.  8,536. 

This  determination  of  errors  is  believed  to  be  accurate  within 
1  o 

For  exhausting  the  apparatus  there  was  used  an  oil  pump,  con- 
nected by  a  short  rubber  hose  and  long  glass  tube  to  cocks  j  and  /. 
The  vacuum  obtained  was  tested  by  a  small  mercury  gauge,  placed 
near  the  purifying  apparatus  and  connected  by  glass  tubing  and 
blown  joints  to  cock  2,  The  mercury  in  this  gauge  was  very  thor- 
oughly cleaned,  and  boiled  to  expel  air.  Before  connecting  the 
mercury  buckets  and  hose,  while  the  lower  ends  of  the  pipettes 
were  still  closed  by  stopcocks,  the  air  was  pumped  out  to  a  5.5  mm. 
vacuum  and  the  apparatus  let  stand  for  sixteen  hours;  the  whole 
interior  formed  one  vacuum,  the  external  air  being  excluded  by  nine 
stopcocks.  At  the  end  of  the  time  no  leakage  could  be  detected  by 
the  gauge. 

The  whole  apparatus  was  supported  on  a  wooden  frame,  except 
the  electric  furnace,  which  stood  on  a  table  screwed  to  the  floor 
behind  the  frame.  The  frame  was  screwed  to  the  timbers  of  the 
ceiling  and  supported  on  the  floor  by  small  screw-jacks.  All  parts 
were  fastened  together  with  screws  and  bolts,  and  those  parts  which 
immediately  supported  apparatus  were  made  adjustable  in  two  hori- 
zontal directions. 

Pressure  Regulation.  —  The  mercury  buckets  were  made  each  of 
a  piece  of  steam  pipe,  20  inches  long,  I  J^-inch  bore,  with  screw 
caps  on  each  end.  The  upper  cap  was  fitted  with  a  hook  and 
bored  on  one  side  of  the  center  with  a  tapered  hole  closed  with  a 
tapered  screw  plug.  The  lower  cap  was  bored  for  the  end  of  a 
taper-threaded  small  iron  pipe,  for  the  attachment  of  the  hose  for 
connection  to  the  gas  pipettes.  After  assembling  the  buckets  were 
cleaned  with  gasoline,  dried,  shellacked  inside  and  the  joints  made 
tight  with  shellac  ;  the  whole,  especially  the  joints,  was  then  heated 
hot  enough  to  get  rid  of  the  solvent  of  the  shellac.  The  buckets 
were  suspended  from  the  windlass  by  the  heaviest  obtainable  tinned 
braided  picture  cord. 

To  test  the  buckets  for  tightness,  before  filling  with  mercury  the 
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screw  plugs  were  cemented  tight,  the  whole  apparatus  exhausted  to 
about  6  mm.,  and  let  stand.  There  was  a  slow  leakage  shown,  due 
no  doubt  to  passage  of  air  through  the  rubber  tubing  or  perhaps  to 
escape  of  air  from  its  walls. 

To  make  sure  that  this  leakage  should  do  no  harm  by  con- 
taminating the  pure  air  or  other  gas  contained  in  the  pipettes,  the 
necessary  amount  of  mercury  was  put  into  the  buckets  and  the 
screw  plugs  cemented  tight.  The  buckets  were  laid  on  the  floor, 
so  that  all  mercury  ran  down  into  them,  and  the  whole  apparatus 
exhausted  as  far  as  the  slow  leakage  of  the  pressure  tubing  and  the 
pump  would  allow — about  6  mm.  The  buckets  were  then  raised 
to  allow  the  mercury  to  run  into  the  pipettes.  Care  was  thereafter 
taken  to  prevent  the  mercury  surface  from  running  down  into  the 
hose,  so  that  it  was  always  in  contact  with  glass. 

In  a  similar  way,  by  closing  the  pinchcock  below  G,  opening  6 
and  exhausting,  air  is  removed  from  the  rubber  hose  which  admits 
mercury  to  the  manometers. 

For  raising  and  lowering  the  buckets  an  electric  windlass  was 
constructed  with  a  ^^  h.p.  shunt  motor  belted  to  a  pulley,  giving 
a  speed  reduction  of  ^ ,  and  two  worms  and  gears  in  series,  giving 
reductions  of  ^  and  -^^  respectively ;  the  resulting  reduction  was 
then  i2^Jy^.  The  motor  was  run  separately  excited,  the  field  was 
excited  with  no  volts,  the  armature  shunted  off"  a  Cutler-Hammer 
rheostat,  with  an  additional  step  formed  of  a  tin  frame.  The  range 
of  adjustment  was  about  100  to  1,200  revolutions  per  minute.  The 
picture  cord  was  wound  up  on  small  iron  pulleys  of  various  sizes. 
The  windlass  was  supported  on  a  wooden  pillar  resting  on  small 
screw-jacks,  by  means  of  a  wooden  frame  made  exactly  adjustable 
as  to  height. 

All  mercury  used  in  the  apparatus  was  cleaned  by  falling  in  ex- 
cessively fine  drops  a  distance  of  about  four  feet  through  a  solution 
of  nitric  acid  and  mercurous  nitrate,  then  passing  through  a  goose- 
neck into  concentrated  sulphuric  acid,  then  out  into  a  bottle  through 
another  goose-neck.  This  was  repeated  several  times  and  seems 
to  give  very  pure  mercury  ;  for  that  used  in  the  vacuum  gauge, 
which  had  been  treated  this  way  more  frequently  than  most  of  the 
rest,  showed  a  perfectly  flat  surface  on  the  vacuum  side. 
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Fig.  3  shows  in  diagram  the  essential  features  of  the  apparatus 
for  regulating  pressure  on  the  two  sides  of  the  capillary :  /j  is  the 
height  of  the  bottom  of  one  of  the  mercury  buckets  from  the  floor ; 
H^  the  height  of  the  mercury  in  this  bucket  above  the  bottom ;  Aj 
the  height  of  the  mercury  level  in  the  corresponding  pipette  from 
the  floor ;  Wj,  p^  and  v^  the  mass,  pressure  and  volume  of  the  gas 


i 


1 

- 

-                ♦ 

1 

A 

A 

V, 

H, 

=3 

t 

1 

r  "^ 

1 
1 

1 
1 

1 

1 
1 

It  ^  ' 

'I 

• 
i 

1 

1 

P 

V 

1 

L 

/ 

I                                          3 

[ 

Fig.  3. 

inclosed  ;  Q^  the  cross -section  of  the  cylindrical  bucket ;  q^  the  cross- 
section  of  the  pipette ;  p  the  density  of  mercury  ;  B  the  barometric 
pressure  ;  similarly,  with  subscript ,  for  the  other  sidie  of  the  appara- 
tus. The  condition  for  constant  pressures  on  the  two  sides  may  be 
approximately  found  as  follows  : 

By  Boyle's  Law,  p^^  =  cm^ ;  since  p^  is  constant,  any  variation 
will  give 
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P^dv^  =  cdfHy 

By  the  hydrostatic  law,  /^  +  ^  +  pg(J\  +  -^i  —  ^1)  =  o  J  whence 

Sl^  +  SH^  «  dh^  =  o. 

Since  mercury  is  not  compressible,  and  pressure  tubing  does  not 
stretch, 

Q,dH,  +  q,dh,  =  o. 

Since  glass  tubing  is  inextensible 

Combining  these  and  a  similar  set  for  the  other  side, 
cdnt^ 


com.  /I         IV 
cdm^  /I     .     I  V 


11,    ''"• 


In  addition  there  are  as  connecting  conditions,  that  the  mass  of 
gas  entering  the  capillary  is  the  same  as  that  leaving  it,  whence 

8m^  +  dm^  ■=  o 

and  that  the  velocity  ratio  of  the  two  buckets  is  constant,  owing  to 
the  construction  of  the  apparatus,  whence 

*/j  +  kd/^  =  o. 

Reducing  these  and  solving  for  k, 

I         I 

If  ^j  =s  g^  and  j2i  =  <2jf  then  k^pjpy  So  that  by  careful  selection 
of  the  glass  for  the  pipettes  and  use  of  cylindrical  mercury  buckets 
of  the  same  size,  moving  with  a  constant  velocity  ratio,  it  is  possible 
to  secure  constancy  of  pressure.  This  condition,  expressed  in 
equation  (8),  is  necessary,  but  not  sufficient ;  for  the  speed  at  which 
the  apparatus  for  raising  one  bucket  and  lowering  the  other  must  be 
run  depends  upon  the  particular  ratio  of  pressures  selected,  on  the 
values  of  those  pressures,  and  on  the  speed  with  which  the  gas  under 
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test  passes  through  the  capillary.  Trial  with  air  has  shown  that  the 
condition  derived  above  gives  a  good  clue  for  starting  on  trials,  and 
that  it  is  not  difficult  to  find  two  pressures  and  a  corresponding 
speed  such  that  the  pressures  remain  constant  almost  without  at- 
tention to  the  motor-rheostat  for  quite  long  times. 

Computation  of  the  Flow  of  Gas, — In  making  runs  the  instant  of 
passage  of  the  mercury  surface  by  a  graduation  mark  in  the  pipette 
was  observed  for  as  many  consecutive  graduations  as  possible.  The 
time  was  given  by  the  click  of  an  electrically  operated  clock,  which 
received  an  impulse  every  other  second  from  the  Howard  standard 
clock  of  the  laboratory.  These  observations  were  computed  by  sub- 
tracting from  the  volume  (reckoned  from  the  zero  of  the  graduation) 
represented  by  the  last  graduation  mark  observed  the  volume  repre- 
sented by  the  first ;  also  the  last  observed  time  from  the  first ;  this 
was  done  again  with  the  next  to  the  last  and  the  second  graduation 
marks  and  times,  and  so  on  for  all  the  observed  pairs.  The  sum  of 
these  volume  differences  divided  by  the  sum  of  the  time  differences 
gives  the  mean  rate  of  flow  of  gas  In  symbols  for  one  pair  of  ob- 
servations the  constant  flow 

and  for  any  number  of  pairs 

^~  "I{t!'~~^  t')    "  l{t")  -  2X/0  *  ^^^ 

In  this  2'(/')  represents  the  sum  of  the  first  half  of  the  observed 
times,  ^(/")  the  sum  of  the  last  half. 

Since  the  volumes  to  any  two  graduation  marks  ;r"  and  x'  may 
be  represented  by  ^ 

z/'  =  x'\a  +  bx''  +  cx''^ 
and 

v'  =  x'^a  +  bx'  +  cx'^)  ; 
therefore 

t/'  -  y  =  (or"  -  x')[a  +  b{x''+x')  +  r  (x^'  ^+  ^V-h^'")], 

and  this  relation  may  be  used  to  shorten  the  tedious  summations 
indicated  above. 

The  graduations  being  supposed  accurate  centimeters,  and  ob- 
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servations  being  taken  on  consecutive  graduation  marks,  the  pairs 
of  graduations  first  and  last,  second  and  next  to  last,  etc.,  have  a 
common  mean,  which  may  be  represented  by  x^.     For  any  pair 

y  —  ;r^  =x  4:^  —  -r'  =  J, 
say.     Then 

y  —  v'  =  2  J[/z  +  2bx^  +  icx^  +  cJF\ . 
Putting  a  +  2bx^  +  yx^  =  k, 

For  all  the  observations 

v(z/'  _  2,/)  =,  2>&2'J  +  2cl\P. 

If  the  number  N  of  observations  is  odd,  J  changes  by  unit  steps 
from  I  to  i(iV—  i),  and 

I{v"  -  V')  =  \{N'  -  i)[k  +  I  {N^-  I)].  (5) 

If  iVis  even,  J  changes  by  unit  steps  from  \  to  \{N  --  i),  and 

v(^'  _  V')  =  ^- [>fe  +  \  {N'-  2)].  (6) 

These  two  formulas  enable  the  computation  of  a  large  number 
of  observations  to  be  made  with  comparative  ease. 

Capillary  Construction  and  Calibration,  —  The  capillary  tube  was 
of  Jena  59  III  glass,  selected  by  examination  of  the  ends  for 
roundness  of  the  bore  and  suitable  size.  A  piece  of  about  50  cm. 
length  was  cut,  and  its  ends  sealed  with  the  help  of  a  considerable 
air  pressure  to  short  pieces  of  the  same  material  but  internal  diam- 
eter about  2  mm.  and  length  about  10  or  15  cm.  The  cleaning  in 
preparation  for  calibration  was  carried  out  with  caustic  soda  or  pot- 
ash, aqua  regia,  potassium  bichromate  and  sulphuric  acid,  with 
water  redistilled  in  glass  for  washing.  The  solutions  were  forced 
through  the  tube  hot,  by  inclosing  the  tube  to  be  cleaned  in  a  glass 
jacket  like  a  Liebig  condenser  into  which  steam  was  continually 
passed.  The  apparatus  stood  upright,  with  the  lower  end  of  the 
wide  connecting  tube  passing  from  the  steam  bath  through  a  stopper 
into  a  side-neck  test-tube,  where  it  dipped  below  the  surface  of  a 
quantity  of  the  cleaning  solution.     Air  pressure  from  a  reservoir 


Digitized  by 


Google 


88  WILLARD  J,   FISHER,  [Vou  XXVIII. 

introduced  by  the  side  neck  forced  the  liquid  up  through  the  hot 
capillary.  After  such  cleaning  and  rinsing  with  distilled  water 
each  end  tube  was  plugged  with  cotton  wool  (absorbent  cotton) 
and  air  from  a  sulphuric  acid  drying  tube  drawn  through  until  no 
water  drops  appeared.  The  tube  was  examined  with  a  magnifier, 
and  if  any  discoloration  or  suspicious  spots  appeared  the  cleaning 
was  repeated. 

The  tube  was  calibrated  by  a  method  suggested  by  that  described 
by  H.  Schultze,*  but  differing  from  his 
in  the  use  of  a  graphical  reduction  and 
a  larger  number  of  measurements  of  the 
mercury  thread. 

In  a  good  capillary  tube  an  inclosed 
short  mercury  thread  may  be  taken  to 
have  the  form  of  the  frustum  of  a  right 
circular  cone,  capped  at  each  end  with  a  spherical  segment  of  one 
base  (Fig.  4). 

Taking  a  the  arithmetical  mean  radius  of  the  frustum,  a-^  Aa  and 
a  +  J/z  the  radii  of  its  two  end  faces,  V  its  height.  A,  and  A,  the 
heights  of  its  smaller  and  larger  segments,  then  its  volume  is  g^iven  by 


^='^'^{{^+f).^'->'-'^«) 


In  practice  dala.  A,',  A/  and  (A,  —  A,)  are  small  in  comparison 
with  A',  and  may  be  neglected,  when  the  formula  becomes 

I^='raV  +  ^(A,  +  A,). 

Assuming  the  volume  of  an  equivalent  cylinder  F=  tzc?X  we  have 

A  =  A'  +  t(/^,  +  /0  (8) 

as  its  length.     This  equivalent  length  of  the  mercury  thread  was 
used  in  the  calibration. 

The  mean  radius  a  is  situated  nearly  midway  between  the  ends 
of  the  mercury  thread,  with  a  negligible  relative  error,  practically 
less  than  ^Ja/a, 

1  H.  Schultze,  Ann.  d.  Physik,  5,  p.  147,  1901. 
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Fig.  5. 


The  calibration  is  performed  in  two  steps,  of  which  the  following 
is  the  theory  : 

I.  For  Vo/umes  (Fig,  5). —  K—X— ^i 

From  any  arbitrary  position 
(in  practice  marked  by  etch- 
ing the  tube)  assumed  as  zero, 
measure  the  position  /  of  the 
center  of  a  short  mercury 
thread,  and  the  length  k  of  the 
thread.  At  the  point  /  the  cross-section  of  the  tube  is  0  =  ^/K  '" 
which  Vis  the  volume  of  the  thread.  Measured  from  zero  the  total 
volume  of  the  tube  to  /  is  v.  Also,  d7r  =  Qd/^  V/Xd/,  If  V  is 
kept  constant  by  temperature  control, 

Plotting  a  curve  with  j  =  i  /^,  jr  =  /,  (Fig.  6,  I.),  its  area 


Fig.  6. 
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The  volume  Vol  the  short  thread  cannot  be  computed  accurately 
by  direct  weighing,  since  the  container  must  be  of  much  greater 
mass  than  the  mercury  itself.  Hence  a  more  accurate  way  to  find  V 
is  to  find  the  total  volume  of  the  tube  by  a  long  thread  between  two 
points  /'  and  /".     Call  this  volume  z/"  —  v' .     Then 

v'*  —  v' 

in  which  the  integral  is  the  area  under  the  curve  already  drawn  and 
between  the  ordinates  at  /'  and  /",  so  that  Fis  determined  in  terms 
of  measured  quantities. 

2.  For  Viscous  Resistance,  —  The  equation  for  the  flow  of  a  gas 
through  a  tube  of  truly  cylindrical  bore  is  (omitting  the  very  small 
correction  4C/^) 

/r=J^l\  (.»_.«)    or      ^^Pljl^tip^^p^ 

leprj'r^'     ^^^   ""^       K     =/v/'i     ft) 

(O.  E.  Meyer,  Pogg.  Ann.,  127,  p.  269,  1866;  Poynting  and 
Thomson,  Properties  of  Matter,  p.  210). 

In  this  F=i  the  volume  transpired  per  second,  measured  at  pres- 
sure / ; 
a  =  the  radius,  /=  the  length  of  the  tube  ; 
p^  =  the  entrance,  /,  =  the  exit  pressure. 
If  this  law  is  assumed  true  for  small  lengths,  such  as  the  gas  may 
be  considered  to  flow  through  in  series  in  a  tube  of  slightly  varying 
bore,  then  for  each  such  tube  of  radius  a  and  length  dl, 

n  dl    ' 

In  this  the  left-hand  member  is  constant.    So 

'  7:       a* 

and 

Now,  from  the  previous  curve, 
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e  =  ;r«*=^;    •••^=^'1';    ■:  p,- -  p^^  l6pFr/ ^J^' m.  {lo) 

Graphical  evaluation  of  I  i^dly  with  the  use  of  the  previously  de- 
termined factor  F,  gives  the  calibration  factor  depending  on  the 
shape  of  the  tube.     Hence 

i6;r//5"l    AW      i6;r/Fl   >IV/      1     y 

(This  equation  shows  that  small  errors  in  A  affect  the  values  of 
the  two  integral  expressions  nearly  equally  but  oppositely ^  and  so 
produce  an  effect  on  the  whole  proportional  to  their  difference,  and 
nearly  negligible.) 

O.  E.  Meyer'  shows  by  discussion  of  the  results  of  Kundt 
and  Warburg,  Warburg  and  Breitenbach,  that  ^  is  numerically 
equal  to  the  mean  free  path  of  the  molecule,  and  like  it  varies  in- 
versely as  the  pressure.  Also,  in  his  approximate  solution  of  the 
equations  of  the  gas  capillary '  he  makes  fundamental  assumptions 
which  may  be  shown  to  lead  to  the  equation 

in  which  a  is  the  radius  of  the  tube,  r  the  distance  of  an  element 
of  the  fluid  from  the  axis,  /  the  pressure,  u  the  velocity,  and  x  dis- 
tance parallel  to  the  axis.  Assuming  ^  =  ^/A  and  integrating,  the 
equation  for  the  time  rate  of  discharge  is  found  to  be 


\6rjpi 


1+^ 


2 


(12) 


i/^(Pi  +  P2)  is  ^  computed  for  the  arithmetic  mean  of  the  entrance 
and  exit  pressures. 

From  the  observations  3;'  is  computed  as  above.     Using  this,  ^ 
is  computed  from  the  Kinetic  Theory  equations  for  mean  free  path, 

*  Kinetic  Theory  of  Gases,  R.  E.  Baynes,  Trans.,  p.  21 1. 
«0.  E.  Meyer,  Pogg.  Ann.,  127,  p.  268,  1866. 
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rf  «  \pG^  P  =  \p(^y  with  /=*(/,+  /2)/2  ;  a  is  the  w^-^i«  radius 
of  the  tube.  Thence  the  correction  term  4^/^i  is  applied  to  give 
the  true  viscosity  coefficient ; 


'/('  +  t)-  ('3) 


The  capillary  was  marked  near  its  middle  with  a  short  scratch 
etched  in  with  hydrofluoric  acid,  and  this  mark  used  as  a  reference 
point.  The  tube  and  a  steel  centimeter  scale  were  clamped  to  the 
sliding  plate  of  the  dividing  engine,  and  a  pointer  fastened  to  its  bed, 
so  that  distances  moved  by  the  plate  and  the  tube  could  be  read, 
estimating  tenths  of  millimeters  by  the  scale  and  pointer.  The 
reference  mark  was  brought  under  the  cross  hairs,  the  steel  scale 
read,  and  the  mercury  thread  brought  by  air  pressure  so  that  one 
end  appeared  in  the  field.  The  dividing  engine  screw  was  turned 
to  bring  the  edge  of  the  meniscus  under  the  cross,  the  steel  scale 
and  the  head  of  the  engine  screw  were  read,  the  latter  to  hundredths 
of  a  millimeter,  and  the  height  of  the  meniscus  was  found  by  two 
settings  with  the  eyepiece  micrometer.  This  was  repeated  with  the 
other  end  of  the  thread,  which  was  then  moved  to  a  new  position 
and  the  measurements  repeated.  The  thread  was  forced  through 
the  tube  several  times,  and  in  all  105  measurements  of  the  thread 
were  made. 

A  Baudin40®  thermometer,  No.  12,979,  whose  bulb  was  fastened 
opposite  the  microscope,  was  used  to  find  if  rapid  changes  in  tem- 
perature of  the  air  had  any  perceptible  effect  on  the  length  of  the 
mercury  thread.  On  the  conclusion  being  formed  that  there  was 
no  such  effect,  the  thermometer  was  read  only  to  tenths,  and  the 
more  gradual  changes  of  the  room  temperature  were  observed  and 
corrected  for,  reducing  the  thread  length  to  a  standard  temperature. 
Calling  ^2  the  thread  length  obtained  by  adding  to  the  length  of  the 
frustum  the  half  sum  of  the  two  meniscus-heights,  X^  the  thread- 
length  at  standard  temperature,  /,  the  room  temperature,  /j  the 
standard  temperature,  a  the  cupical  expansion-coefficient  of  mercury 
=  0.0001802,  j9  the  linear  expansion-coefficient  of  the  glass  of  the 
tube  =s  .0000059,  and  neglecting  squares  and  products  of  small 
quantities,  then 
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y  =  I  +  (a  —  2^9)  (/j  —  /j)  =  I  +  0.0001684  (/i  —  /,). 

The  thread  of  the  steel  screw  of  the  dividing  engine  and  the 
graduation  of  the  steel  scale  (one  made  by  Darling,  Brown  &  Sharpe) 
were  also  compared,  and  found  to  agree  closely  enough  for  the  pur- 
pose of  this  experiment  on  the  supposition  that  the  screw  was  cut  at 
o®  C,  the  scale  graduated  at  62°  F.  (which  is  what  the  makers 
advertise).     It  was  found  that 

scale-readinefs 

jT-^— =»  1.00023. 

screw-readmgs  ^ 

A  correction  for  the  temperature  at  which  the  measurements  were 
made  was  calculated  and  applied,  reducing  them  to  the  centimeter 
of  the  D.,  B.  &  S.  scale.  This  scale  was  compared  with  a  Geneva 
Society  standard  meter  belonging  to  the  Department  of  Physics,  and 
was  found  to  be  correct. 

The  measurement  of  the  tube  could  not  be  carried  out  by  means 
of  the  mercury  thread  clear  to  the  flaring  ends,  where  the  small 
tube  was  sealed  to  the  larger  heating  tubes,  so  that  in  these  regions 
recourse  was  taken  to  micrometric  measurements.  The  intention 
was  to  measure  the  apparent  diameter  of  the  bore  of  the  tube,  as 
seen  through  the  glass,  at  points  whose  positions  with  regard  to 
the  zero  were  also  to  be  measured,  and  to  reduce  these  to  real 
diameters  and  equivalent  thread-lengths  ;  but  the  difficulty  of  ob- 
taining sufficiently  concordant  micrometer  readings  was  found  to  be 
so  great  that  the  reduction  to  thread-lengths  was  abandoned.  In- 
stead, the  apparent  diameters  were  measured  and  from  them  it  was 
found  at  what  point  they  became  so  large  that  their  effect  on  the 
resistance  factor  could  safely  be  neglected.  The  two  points  so 
found  were  assumed  as  the  ends  of  the  tube.  The  uncertainty  due 
to  this  method  affects  only  a  few  millimeters  at  each  end  of  the 
tube,  as  the  flare  was  very  rapid. 

Table  II.  gives  the  values  of/,  distance  from  the  reference  mark  to 
the  middle  of  the  thread,  and  ^,  length  of  thread,  corrected  for 
screw  error,  temperature  and  meniscus  ;  the  standard  temperature 
assumed  was  21°. 2  C.  The  measurements  are  grouped  as  made 
in  runs,  and  the  direction  from  the  reference  mark  is  indicated   by 
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Table  II. 

CAPILLARY 

U- 

Run. 

/ 
0.295 

A 

Run.     !        / 

A               Run. 
1.2910   ,        V. 

/                    A 

I. 

1.2930 

in. 

3.48 

13.12     L2859 

Taper. 

1.165 

L2957 

Taper. 

4.65 

1.2910      Square. 

14.84   |L2817 

4.38 

L2902 

6.405 

1.2900   1 

16.87   !l2805 

7.965 

1.2867 

8.705 

L2885 

18.38     L2801 

9.22 

1.2880 

9.90 

1.2870  1 

19.80  "L2735 

10.625 

1.2890 

11.295 

1.2892 

2L15   |L2673 

12.45 

1.2796 

12.55 

1.2793 

23.24   !l2830 

13.82 

1.2762 

14.88 

1.2749  ' 

23.81   !l2904 

15.645 

1.2732 

15.085 

L2731    1 

-0.04   11.2930 

19.115 

1.2631   1; 

16.195 

L2734 

-0.04     1.2931 

20.065 

1.2633   1 

17.295 

L2667         VI. 

-0.03   ;L2930 

23.22 

L272S 

19.60 

L2634    ;  Square. 

+0.24   ,1.2916 

11. 

-0.155 

L2929 

20.935 

1.2628 

4.14     1.2864 

Taper. 

+0.375 

L2935 

22.33 

L2691   1 

3.21     L2893 

2.285 

1.2938 

23.595 

L2755 

L75     1.2911 

3.175 

L2912 

IV. 

H).275 

L2923 

2.18   :L2896 

3.765 

L2907 

Taper. 

+L995 

L2945 

4.46  ,L2857 

4.65 

L2915 

3.345 

L2909 

6.06   IL2867 

6.125 

1.2900 

4.655 

L2904 

7.36   ^ 

L2869 

7.39 

1.2879 

6.23 

L2900 

8.89 

1.2875 

8.22 

1.2870 

8.285 

1.2868 

10.33 

1.2874 

11.315 

L2894 

U.04 

L2885 

10.70 

L2H75 

12.525 

1.2792 

12.46 

1.2794 

13.15 

L2856 

13.97 

1.2745 

14.75 

1.2749 

14.75 

L2811 

15.445 

1.2733 

15.53 

1.2730    1 

16.21 

1.2803 

16.585 

L2715 

17.43 

L2646 

17.82 

1.2802 

17.74 

1.2639 

19.84 

1.2635 

19.96 

1.2716 

19.255 

L2631 

22.005 

L2671    ; 

20.92 

L2683 

20.51 

L2633 

23.58 

1.2747 

2L96 

L2717 

21.605 

1.2650 

V. 

0.14 

1.2926 

23.57 

L2871 

23.105 

L2726 

Square. 

L16 

L2920 

4.49 

L2907 

23.965 

1.2756 

4.18 

L2863 

7.76 

1.2868 

111. 

0.325 

1.2936 

5.98 

L2866 

1L61 

1.2873 

Taper. 

1.67 

1.2958 

7.26 

L2870 

13.79 

L2832 

2.785 

1.2917 

10.13 

L2874 

18.67 

1.2789 

the  forms  of  the  flaring  joints  at  the  two  ends,  one  widening  very 
rapidly,  called  square,  the  other  more  slowly,  called  taper. 

Fig-  6  gives  the  complete  calibration  curves,  reduced  in  scale 
too  much  to  show  the  plotted  points. 

The  tube  was  filled  with  mercury  within  the  limits  to  which  the 
above  calibration  had  been  extended,  and  the  position  of  its  ends 
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with  regard  to  the  reference  mark  was  measured  with  the  Brown 
&  Sharpe  centimeter  scale  and  sliders  (with  glass  windows,  reference 
lines  and  mirrors)  made  for  use  with  the  manometers  of  the  pres- 
sure-measuring apparatus.  This  thread  was  then  forced  out  into 
a  light  blown  glass  container,  and  weighed  with  a  Troemner 
Assay  balance  (sensitive  to  about  0.06  mg.  per  scale  division  de- 
flection with  the  load  used)  and  a  set  of  quartz  and  platinum 
weights.  No.  972,  whose  corrections  were  known  by  a  certificate  of 
the  Normal  Aichungs-Commission,  dated  February  18,  1898.  The 
method  of  double  weighing  by  vibrations  was  used,  with  proper 
precautions  about  dryness,  handling,  etc.,  and  corrections  were 
made  for  air-buoyancy.  The  mercury  used  in  both  long  and  short 
threads  was  previously  cleaned  a  long  time  with  mercurous  sulphate 
and  sulphuric  acid  ;  and  the  particular  globule  which  composed  the 
long  thread  has  kept  its  surface  untarnished  after  many  months. 

Computing  was  done  with  slide-rule  or  five-place  logarithms,  ac- 
cording to  the  degree  of  accuracy  required.  Small  tables  were 
constructed  for  computing  the  temperature  corrections.  Marek's 
values  of  the  specific  volume  of  mercury  were  used,  as  found  in  the 
"  Smithsonian  Tables."  Weddle's  method  was  used  in  computing 
the  area  of  curves.  All  computations  were  carefully  checked  by 
repetition. 

Table  III.  gives  the  data  on  the  long  thread,  the  lengths  being 
each  the  mean  of  three  measurements  agreeing  within  .05    mm. 

Table  III. 

CAPILLARY  y,tf. 

Temperature,  21.24®  C. 

Reference  mark  to  end  next  taper  seal,  23.195  cm. 

**          «'     "    **       "  square  •*  23.153  cm. 

Total  length,  46.348  cm. 

Error  in  length  (estimated)  .05  mm.,  .01  per  cent. 

Mass,  56.96  mg. 

Error  in  mass  (estimated)  <  ^  mg.,  <.05  per  cent. 

Volume,  .(XM209  c.c. 

Error  of  volume  (same  as  error  of  mass),  •<.05  per  cent. 

The  area  of  curve  /,  between  the  ordinates  corresponding  to  the 
ends  of  the  long  thread,  was  found  to  be  36.1558  cm^  By  the 
method  of  calibration,  the  volume  Fof  the  short  thread  was  found 
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to  be  o.oooi  1373  cm*.  The  area  of  curve  //,  for  the  whole  tube, 
was  found  to  be  75.5127  cm*.  Hence,  substituting  in  the  calibra- 
tion formula  (11),  the  calibration  factor 

\6n 


■S/^\fM 


is  found  to  equal  3.5703-  io~"at  21.2®  C,  with  an  estimated  error  of 
.05  per  cent.  To  correct  for  expansion  of  the  glass  at  /°,  multiply 
by  [i  +  0.0000174  (/—  2i°.2)]. 

A  uniform  tube  49.6  cm.  long  and  0.1096  mm.  in  diameter  would 
be  equivalent  to  this  one. 

The  average  value  of  the  meniscus  height  was  found  to  be 
A|  =  0.0026  cm.,  Aj  =  0.0021  cm.^ 

Hence  the  error  of  neglecting  {h^  +  h^)l6c?  is  about  .01  per 
cent,  of  the  average  thread  length ;  also,  from  curve  /  for  volumes, 
(at  the  point  marked  *)  it  may  be  shown  that  Aula  is  never  greater 
than  .00191,  which  justifies  the  neglect  of  both  in  comparison  with 
the  other  terms  of  the  formula  for  thread  volumes  (7). 

After  calibration  the  two  end  tubes  were  sealed  to  long  pieces  of 
the  same  glass,  and  these  were  bent  parallel  to  the  capillary ;  one 
also  was  bent  back  about  25  cm.  from  the  end  of  the  capillary,  so 
that  these  connecting  tubes  projected  side  by  side  at  the  one  end  of 
the  capillary,  but  were  of  nearly  equal  lengths.  As  Jena  59  HI 
seems  not  to  seal  to  soda  glass  such  as  the  pressure  measuring 
apparatus  was  made  of,  the  connecting  tubes  of  both  Jena  and  soda 
glass  were  joined  by  ground  joints  made  tight  with  De  Khotinsky 
cement.  This  construction  gave  a  strong  air-tight  joint  between 
the  two  sorts  of  glass,  and  was  convenient  when  it  became  necessary 
to  take  down  the  apparatus  for  reconstruction  of  some  of  its  parts. 
The  two  U-shaped  bends  insured  that  all  gas  entering  the  capillary 
should  have  first  been  warmed  to  the  temperature  of  the  space  sur- 
rounding the  capillary  and  thermometer. 

Electric  Furnace, —  The  electric  furnace  used  was  made  by  the 
Cambridge  Scientific  Instrument  Co.,  a  platinum  foil  spiral  on  a 

1  Out  of  loS  measurements  of  meniscus  heights,  front  and  rear,  the  front  meniscus 
was  higher  than  the  rear  in  only  six  cases. 
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porcelain  tube  about  61.5  cm.  long  and  4  cm.  internal  diameter, 
heat  insulated  with  air  space  and  asbestos  paper  sheathing ;  its  re- 
sistance at  room  temperature  was  about  0.63  ohm  ;  at  350°,  about 
1.26  ohms.     It  was  rated  to  stand  1 10  volts  and  33  amperes. 

The  power  connections  are  shown  in  Fig.  7.  C  is  a  motor-gen- 
erator set,  giving  very  accurate  regulation  with  either  55  or  no 
volts  at  its  terminals,  and  within  i  per  cent,  or  2  per  cent.,  in  spite 
of  various  heavy  drafts  upon  the  current,  at  the  furnace  terminals. 
Owing  to  the  nearness  of  the  heating  coil  to  the  inner  air-bath  space 
these  variations  made  it  necessary  to  have  some  steadying  source, 
which  was  done  by  connecting  a  storage  battery  -5  of  10  large  cells 
across  the  terminals  of  the  furnace  F.  These  cells  could  be  ar- 
ranged in  any  convenient  combination  for  var)nng  the  resistance 
and  E.M.F.,  and  tin  frames  R  in  series  with  the  generator  regulated 
the  main  current  till  the  potential  difference  at  the  furnace  terminals 
on  the  average  just  balanced  the  E.M.F.  of  the  particular  combina- 
tion of  cells  used.  This  steadied  the  furnace  current  considerably. 
The  furnace  was  started  warming  some 
hours  before  a  test  with  a  current  con-  JL 
siderably  larger  than  that  needed  to  pro-  M  3 
duce  a  desired  temperature;  when  the       S 

thermometer  showed  that  this  tempera-         ' — 

Fig.  7 
ture  had  been  passed,  the  current  was 

cut  down  and  the  potentials  adjusted  to  the  battery  E.M.F.,  and 

the  temperature  allowed  to  settle  to  a  steady  value.     As  this  was  a 

very  slow  process  toward  the  end,  and  the  temperature  would  keep 

rising  for  a  very  long  time,  the  final  adjustments  were  made  by 

slight  variations  in  the  resistance  R. 

Both  the  thermometer  tubes  and  the  prewarming  tubes  for  the 
capillary  were  cemented  to  the  openings  of  the  furnace  by  building 
about  them  in  place  plugs  of  asbestos  stove  lining  ;  this  becomes 
quite  hard  on  drying,  and  is  very  resistant  to  the  action  of  heat. 

Platinum  Thermometer  and  Bridge,  —  The  temperature  of  the 
interior  of  the  furnace,  and  so  presumably  of  the  gas  flowing  through 
the  capillary,  was  measured  with  a  resistance  thermometer  and 
Wheatstone  bridge  of  Callendar's  pattern.  The  galvanometer  used 
was  a  Rowland  D'Arsonval,  read  with  telescope  and  scale,  and 
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sensitive  enough  to  indicate  ^^^^  ohm  at  the  higest  temperature 
observed.  The  resistance  of  the  galvanometer  was  about  500 
ohms. 

Fig.  8  shows  the  connections.  B  is  the  dry  cell,  G  the  gal- 
vanometer, /?j,  R^  are  two  equal  ratio  coils,  of  No.  28  manganin 
wire,  0.34  mm.  diameter,  twisted  to  avoid  self-induction,  and  shel- 
laced ;  resistance  about  26  ohms,  and  adjustment  to  equality  within 
.004  per  cent.,  by  the  Gary  Foster  method.  They  have  been 
frequently  tested  for  equality  by  reversal,  and  show  no  change.  T 
is  the  thermometer,  /j  its  leads,  /,  the  compensating  leads ;  these 
leads  were  made  of  twisted  lampcord,  equivalent  to  No.  12  copper 
wire,  about  406  cm.  long,  carefully  cut  to  equality  in  length,  and 
when  tested  by  interchanging  on  this  bridge  showing  no  difference 
greater  than  .0001  ohm.  5|,  S^  are  the  segments  of  the  slide  wire, 
of  manganin,  50  cm.  long,  i  mm.  diameter  stretched  over  a  half 
meter  stick  graduated  in  millimeters ;  the  key  had  a  contact  of 
manganin  off  the  same  spool  as  the  slide  wire,  and  its  index  error 
was  determined.  The  slide  wire  was  calibrated  in  steps  by  the 
Gary  Foster  method,  comparing  it  with  a  standard  .  i  ohm  coil,  Hart- 
mann  &  Braun  No.  21 1 5,  and  found  to  be  accurately  uniform  within 
the  limits  of  error,  and  to  have  a  resistance  of  i  ohm  for  184.61 
cm.  The  resistance  box  No.  8406  was  by  Leeds  &  Northrup, 
three  decades,  tenths,  units  and  tens,  manganin  wire  on  wooden 
spools ;  it  was  guaranteed  to  .  i  per  cent  and  found  to  be  better ; 
the  error  of  every  coil  was  determined  to  .001  ohm  by  the  Gary 
^  Foster   method,    comparing   the   tenths 

decade  with  the  above  Hartmann  &  Braun 
.1  ohm  coil,  the  units  decade  with  O. 
Wolff  I  ohm  coil  No.  3403,  the  tens  de- 
cade with  O.  Wolff  10  ohm  coil  No. 
g  3204.   I,  2,  3,  4  are  mercury  cups,  al- 

lowing of  the  easy  reversal  of  the  ratio 
coils  or  slide  wire.  With  the  exception  of  these  cups  and  the 
box,  battery  and  galvanometer  binding  posts  all  connections  were 
soldered.  The  wires  joining  the  various  parts  of  the  bridge  were 
copper,  2.09  mm.  diameter,  carefully  cut  to  equality  in  length. 
The  bridge  was  finally  tested  by  measuring  with  it  the  following 
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Standard  coils,  and  also  the  platinum  thermometer  wire  calibrated 
by  the  Bureau  of  Standards,  with  the  following  results : 


Table  IV. 

Hartmann  &  Braun, 

.lohm.   No.    622, 

measured 

0.1006  ohms. 

0.  Wolff, 

1    ohm,     '*    3403, 

(1 

1.000      *• 

Hartmann  &  Braun, 

10    ohms,    **       675, 

<( 

10.000-    " 

0.  Wolff, 

10    ohms,  '«    3284, 

(* 

10.000+    " 

Hartmann  &  Braun, 

100    ohms,  **      630, 

<< 

100.008       " 

Platinum  wire  in  ice 

«( 

5.901-    •* 

Platinum  wire  in  ice 

after  heating  to  570** 

«< 

5.888-    " 

In  use  the  following  formula  is  applied,  adding  algebraically  to 
the  corrected  box  resistance  ^  =  0.108 3.r  — 0.2679,  jr  being  the 
scale  reading,  uncorrected.  The  formula  contains  all  corrections. 
Slight  variations  are  observed,  due,  no  doubt,  to  varying  plug  resist- 
ances. These  may  amount,  judging  from  trials  at  different  times,  to 
.0003  ohm,  which  cannot  affect  the  measurement  of  temperature  by 
more  than  -^^^  C.  Resistances  measured  with  this  bridge  may  be 
considered  certain  within  .002  ohm. 

On  account  of  the  length  of  the  capillary  it  was  necessary  to  use 
a  means  of  finding  the  average  temperature  along  it ;  as  the  gas 
was  inclosed  in  glass  walls  it  was  decided  to  have  the  resistance 
wire  also  in  a  glass  envelope,  so  as  to  have  similar  conditions. 

This  platinum  thermometer  was  made  of  No.  35  wire  procured 
from  the  Leeds  and  Northrup  Co.,  of  Philadelphia,  as  specially  re- 
fined for  the  construction  of  such  thermometers.  A  piece  about  86 
cm.  long  was  fused  at  each  end  to  heavy  silver  leads  about  50  cm. 
long,  1.035  ^™-  diameter  cut  carefully  to  equality  in  length,  and 
a  current  was  passed  through  sufficient  to  raise  the  platinum  to  a 
white  heat  for  several  minutes.  The  platinum  and  leads  were  then 
inserted  in  a  tube  of  Jena  59  III  glass,  which  was  bent  at  the 
middle  into  a  U-shape.  Another  piece  of  silver  wire,  cut  to  a 
length  equal  to  the  leads,  was  inserted  into  a  short  tube  of  the 
same  glass  and  the  whole  bent  into  a  smaller  U.  The  leads  were 
secured  in  the  tubes  (during  the  test  at  the  Bureau  of  Standards) 
with  dental  cement,  later  the  ends  of  the  tubes  with  the  leads  were 
cast  in  a  plug  of  litharge  and  glycerine  cement.  Both  tubes  were 
placed  in  a  mold  of  proper  shape,  and  a  stopper-shaped  plug  of 
asbestos  stove-lining  cast  about  them  so  that  about  14  cm.  of  each 
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mean  of 

2. 

5.888 

mean  of 

4. 

8.148 

<( 

4. 

5.887 

(« 

4. 

5.886 

i« 

6. 

8.148 

«« 

5. 
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silver  lead-wire,  both  actual  and  "  dummy,"  would  be  within  the 
furnace  or  temperature-bath.  After  dr)nng  thoroughly  the  appa- 
ratus was  sent  to  the  Bureau  of  Standards,  at  Washington,  where 
it  was  tested  according  to  the  "S.B.P."  method  of  Callendar  and 
Griffiths. 

Unfortunately  it  turned  out  that  the  annealing  of  the  wire  before 
this  calibration  was  insufficient,  so  that  after  a  test  at  about  570^ 
the  resistance  in  ice  had  changed  .012  ohm.  The  constants  for 
steam  and  ice  were  therefore  redetermined,  giving  the  following 
measurements. 

Befors  heating  to  570^. 

1.  Jane  19,  1908,  resistance  in  ice, 

After  heating  to  570°. 

2.  June  22,  resistance  in  ice, 

3.  June  24,         **        steam  at  99*».15, 

4.  July   11,         **        in  ice, 

5.  Aug.    1,         *•        in  ice, 

6.  Aug.   1,         "        steam  at  99®.20, 

From  the  observations  of  the  Bureau  of  Standards,  September 
17.  1907. 

^0  =5.8985,  ^,00-^0=  2.2802,  5=  1.50. 

From  the  writer's  measurements,  after  heating  to  570°, 

R^  =  5.888,  ^10^,  —  -/?o  =  2.279,  ^  =  ^-50  (assumed  unchanged 
from  the  above). 

The  observations  on  air  were  mostly  computed  with  these  con- 
stants. 

After  further  heatings  above  500°, 

R^  =  5.886,  R^^  -  ^0  =  2.280,  8  =  1.50. 

The  observations  on  N^O  were  mostly  computed  with  these. 
In  the  above  5  is  the  correction  constant  in  Callendar's  equation 

^100  — -^0  lOO    \  100  / 

100 

The  unusual  method  of  connection,  with  the  galvanometer  in 
circuit  all  the  time,  the  battery  connected  by  a  key  to  the  slide- 
wire,  is  justifiable  only  in  case  self-induction  is  negligible.  That 
this  was  so  was  determined  by  inserting  in  place  of  the  platinum 
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thermometer  wire  a  similar  loop  of  copper  wire,  of  too  low  resist- 
ance to  be  warmed  by  the  measuring  current,  and  finding  that  all 
evidences  of  self-induction  were  absent,  it  was  concluded  that  a 
small  **  kick  "  given  by  the  galvanometer  on  pressing  the  battery 
key,  and  which  was  always  in  the  same  direction,  but  only  evident 
when  the  bridge  was  nearly  in  balance,  must  be  due  to  this  cause : 
the  platinum  is  warmed  by  the  measuring  current,  and  so  when  the 
battery  key  is  first  pressed  the  resistance  is  lower  than  it  is  a  little 
later.  Hence  the  galvanometer  first  throws  slightly  in  the  direction 
indicating  low  resistance,  then  rapidly  drifts  the  opposite  way.  This 
behavior  was  invariable,  the  directions  being  reversed  on  reversing 
the  battery. 

The  arrangement  is  very  convenient,  once  it  is  shown  by  test  to 
be  allowable,  as  the  thermal  E.M.F.s  of  the  system  produce  a  con- 
stant deflection  which  serves  as  a  zero.  The  balance  was  assumed 
to  be  found  when,  on  pressing  the  battery  key,  no  perceptible  kick 
was  observed,  but  after  hesitating  a  second  or  two  the  galvanometer 
would  drift  toward  the  high  temperature  direction.  At  the  definite 
and  constant  temperatures  of  steam  or  melting  ice  results  were  thus 
obtained  consistent  to  within  the  limits  of  the  bridge  calibration. 

Method  of  Filling  with  Air  or  Gas,  —  To  fill  the  apparatus  with 
air  or  gas,  open  6  and  lower  G  to  give  free  connection  between  B 
and  A,  Turn  /  to  connect  /j  to  pump  through  j,  and  at  the  same 
time  /,  through  2  to  the  purifier.  Lower  the  buckets  to  empty  the 
pipettes.  Close  6,  Exhaust  to  as  high  a  vacuum  as  the  pump  will 
give;  0.55  cm.  was  found  attainable  with  five  minutes  pumping. 
Admit  the  air  or  gas  by  opening  the  cock  of  the  purifier.  Exhaust 
and  fill  twice  more  to  wash  out  impurities.  Close  ^ ;  set  /  across, 
to  put  /j  and  /,  in  communication.  Raise  buckets,  giving  excess 
internal  pressure,  which  may  be  reduced  by  opening  j  and  pump- 
ing out.  Open  (5,  and  raise  G,  so  that  the  mercury  stands  in  A  and 
B  at  the  desired  level ;  close  6, 

III.    Preliminary  Tests  on  Air  and  Nitrous  Oxide. 
Purification  of  Air.  — The  apparatus  for  purifying  air  consisted  of 
three  Drechsel  washing  flasks  and  two  stopperless  blown  glass  cal- 
cium chloride  tubes,  with  stopcocks  on  each  side  of  the  calcium 
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chloride  tubes.  The  ground  stoppers  of  the  Drechsel  flasks  were 
tightened,  the  first  with  stopcock  grease,  the  second  and  third  with 
shellac.  The  second  and  third  Drechsel  flasks  and  the  calcium 
chloride  tubes  were  connected  with  blown  joints.  The  first  two 
Drechsel  flasks  contained  a  strong  solution  of  sodium  hydrate,  the 
third  concentrated  sulphuric  acid.  Air  was  allowed  to  bubble 
slowly  through  the  series  of  reagents,  until  the  flow  ceased.  It  was 
assumed  that  removal  of  water  vapor  and  carbon  dioxide  was  com- 
plete without  further  tests. 

Preparation  and  Purification  of  Nitrons  Oxide.  —  Fig.  9  shows  the 


Fig.  9. 

apparatus  constructed  for  this  purpose.  The  general  plan  of  the 
method  is  that  of  Moissan,  with  slight  modifications  to  increase  its 
safety  and  convenience. 

A  is  the  generating  tube,  containing  commercial  ammonium  nitrate 
(Merck's),  5  is  a  drying  jar,  containing  calcium  chloride,  Ca  Drech- 
sel bottle,  with  concentrated  sulphuric  acid.  D,  -Fand  /Tare  con- 
gealing tubes  through  which  the  gas  must  pass  in  tandem ;  they 

*  H.  Moissan,  Comptcs  Rendus,  137,  p.  363. 
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are  surrounded  by  Dewar  flasks  E,  G  and  /,  which  can  be  set  at 
any  desired  heights  or  removed  from  the  congealing  tubes  altogether. 
E  contains  a  paste  of  carbon  dioxide  snow  and  alcohol,  G  and  / 
contain  liquid  air.  /  is  a  rubber  stopper,  tied  down,  2  a  rubber  and 
J  a  cork  stopper,  both  well  shellacked,  ^  and  5  are  rubber  connec- 
tions ;  beyond  these  there  are  only  glass  stopcocks  (5,  7  and  8  and 
solid  blown  glass  connections,  clear  to  the  the  air  pump  and  visco- 
sity apparatus.  Between  6  and  F  and  between  7  and  H  rise  up  T- 
tubes  which  bend  over  and  descend  with  vertical  ends  over  a  meter 
long,  dipping  below  into  a  mercury  valve  tubes  Fj  and  V^  These 
are  adjustable  for  height,  so  that  sufficient  internal  pressure  may  be 
secured  up  to  25  cm.,  and  they  allow  of  complete  exhaustion  with 
no  danger  of  leakage.  /  is  the  lead  tube  connecting  with  the  air 
pump  and  experimental  apparatus. 

Gentle  warming  of  the  ammonium  nitrate  in  A  melts  it  and  sends 
off  a  slow  current  of  mixed  nitrous  oxide  and  water  vapor.  The 
valves  are  set  so  that  gas  passes  out  at  V^  more  easily  than  at  V^, 
Water  vapor  is  removed  in  B,  Cand  D,  and  the  nitrous  oxide  is  frozen 
in  F,  Cock  6  is  then  closed,  7  and  8  are  opened,  and  the  apparatus 
is  exhausted.  By  lowering  (7  to  a  proper  point  the  nitrous  oxide 
gradually  sublimes  over  into  /,  where  it  is  again  frozen.  Cock  7  is 
then  closed,  and  the  exhaustion  repeated,  after  which  lowering  / 
allows  the  NjO  to  sublime  over  and  fill  the  viscosity  apparatus.  As 
the  pressure  rises  the  solid  N^O  suddenly  melts ;  when  the  pressure 
is  sufficiently  high  it  passes  off  through  the  valve  V^, 

In  this  preliminary  work  no  analysis  of  the  air  or  gas  used  was 
made,  time  and  facilities  both  being  lacking.  In  future  work  this 
will  not  be  neglected ;  though  it  should  be  remarked  that  Moissan, 
in  his  note  on  the  method,  says  that  with  a  proper  choice  of  refrig- 
erants all  perceptible  impurities  were  removed  from  his  samples,  and 
this  with  little  reference  to  the  method  of  generation,  which  might 
be  such  as  to  give  very  impure  products. 

Summaries  of  Results  on  Air  and  Nitrous  Oxide.  —  The  two  fol- 
lowing tables  give  values  obtained  in  trial  runs  with  air  and  nitrous 
oxide.  While  the  work  was  carefully  done,  and  extends  to  tem- 
peratures 200°  higher  than  any  which  have  ever  before  been  at- 
tempted with  glass  capillaries,  or  indeed  with  any  calibrated  capillaries, 
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it  is  to  be  regarded  as  only  preliminary  for  several  reasons.  The 
most  important  of  these  is  the  regulation  of  the  temperature  of  the 
pipettes,  which  is  not  yet  sufficiently  under  control  to  insure  without 
fail  an  accuracy  of  much  better  than  a  half  per  cent.  Even  at  high 
temperatures  the  temperature  of  the  furnace  generally  was  under 
sufficiently  good  control  to  give  an  accuracy  of  one  tenth  per  cent. 

Table  V. 

Visco^itv  of  Air, 


Run  No. 

Temp.  ®C. 
24.8 

II  •  xo* 

• 

297.8 

1 

1.845 

2.788 

2 

24.0 

1.835 

297.0 

2.790 

481.7 

3.519 

754.7 

5.890 

479.3 

3.222 

752.3 

6.415 

22.6 

1.848 

300.0 

2.814 

23.7 

1.845 

296.7 

2.774 

347.0 

3.008 

620.0 

5.13 

25.3 

1.915 

298.3 

2.920 

25.7 

1.829 

298.7 

2.825 

489.4 

3.562 

762.4 

5.915 

496.9 

3.607 

769.9 

5.83 

498.0 

3.551 

771.0 

6.03 

13 

501.2 

3.606 

774.2 

5.97 

14 

23.0 

1.849 

296.0 

2.755 

15 

220.2           i 

2.735 

493.2 

4.01 

Table  V.  contains  the  results  on  air,  which  are  also  graphically 
displayed  in  Fig.  lo,  curve  /.  The  points  on  this  curve  have 
standing  by  them  numbers  indicating  how  many  runs  are  averaged 
to  get  the  coordinates  of  the  points. 

Table  VI. 

Viscosity  of  N^O. 


nNo. 

j         Temp.  °C. 

,.io* 

# 

1 

1              26.2 

L517 

299.2 

2 

75.8           1 

1.739 

348.8 

3 

14L6 

1.970 

414.6 

4 

183.1 

2.161 

456.1 

5 

25.0 

1.498 

298.0 

6 

224.4          i 

2.348 

497.4 

7 

289.9 

2.610 

562.9 

8 

413.6 

3.073 

686.6 

3.606 

3.746 

4.285 

4.51 

3.438 

4.73 

5.12 

5.86 
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Table  VI.  contains  the  results  on  nitrous  oxide,  and  curve  //of 
Fig.  lo  shows  the  same.  In  the  plotting  of  the  points  of  this  curve 
the  points  marked  with  a  ring  are  those  of  the  present  research, 
those  with  a  cross  are  von  Obermayer's.  Points  at  or  below  the 
critical  temperature  are  neglected. 


^AA 

«J 

7^ 

700 
600 

I  Air       . 

/     / 



500 

Al\i\    .... 

^ 

/ 

1.0 

4CX)  ' 

4  AA 

V 

U 

/ 

*>  AA 

/ 

/ 

20Q 

lAA 

/ 

/     y 

6 

0         / 

/ 

/ 

1        / 

2 

a 

4 

»f 

6 

7 

-100 

.^AA  / 

-200/ 

/sAA 

^900 

Fig.  10. 
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In  computing  these  data  the  values  of  temperature  and  viscosity 
have  been  found  using  five-place  logarithms ;  those  of  ^V?  with  a 
slide-rule.  The  values  of  jy  are  not  corrected  for  slip.  The  curves 
are  drawn  by  estimation. 

From  the  curves  we  derive  the  following  constants : 

Air  C=I24         K=  150.2- lo-^         W.  J.  F. 

N,0        C  =  3 14         K  «  1 70.7  •  10-^         W.  J.  F. 

=  312  =a  173.8    io~^         von  Obermayer.^ 

It  is  hoped  to  continue  the  work  with  certain  improvements  in 
the  apparatus  and  greater  accuracy  in  the  corrections,  and  to 
determine  viscosity  coefficients  for  all  the  gases  to  which  the 
apparatus  is  adapted. 


Physical  Laboratory, 
Cornell  University. 


»  See  Part  I.,  p.  393. 
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THE   EFFECT  OF  TENSION   ON   THERMAL   AND 
ELECTRICAL  CONDUCTIVITY. 

By  N.  F.  Smith. 

THE  development  of  the  electron  theory  of  metallic  conduction 
has  given  new  interest  to  measurements  of  thermal  and  elec- 
trical conductivity.  Since  it  has  been  shown  that  the  ratio  of  the 
two  conductivities  is  approximately  constant  for  all  metals  it  is 
natural  to  expect  that  anything  which  produces  a  change  in  the 
one  would  cause  a  corresponding  change  in  the  other.  The  effect 
of  tension  on  the  electrical  conductivity  of  wires  has  been  measured 
by  Cantone,  Williams,^  Ercolini,'  Gray '  and  others.  These  measure- 
ments have  been  made  on  small  wires  stretched  by  correspondingly 
small  weights.  It  has  been  shown  that,  in  general,  the  resistance  of 
such  wires  increases  when  under  tension  ;  that  up  to  the  elastic  limit, 
the  increase  in  resistance  is  nearly  proportional  to  the  stretching  force ; 
that  beyond  this  state,  the  change  is  roughly  proportional  to  the  elon- 
gation. Bismuth  shows  a  change  in  the  opposite  direction.  So  far  as 
the  writer  knows,  no  measurements  have  been  made  upon  the  cor- 
responding thermal  problem.  In  1888  F.  Kohlrausch*  compared 
the  thermal  and  electrical  conductivities  of  various  specimens  of 
steel  when  tempered  to  different  degrees  of  hardness.  He  found 
that  while  the  conductivities  changed  by  as  much  as  50  per  cent, 
their  ratio  remained  practically  unchanged. 

The  present  investigation  was  undertaken  to  determine  what 
changes,  if  any,  are  produced  in  the  thermal  conductivity  of  metal 
bars  when  they  are  subjected  to  a  stretching  force,  and  to  compare 
these  changes  with  those  which  are  produced  in  their  electrical  con- 
ductivity. Two  distinct  problems  were  therefore  presented,  the  one 
involving  thermal  measurements,  the  other,  electrical.     In  neither 

» W.  Ellis  Williams,  Phil.  Mag.,  13,  p.  635,  1907. 
•G.  Ercolini,  N.  Cimento,  14,  p.  537,  1907. 
»T.  Gray,  Trans.  Roy.  Soc.  Edin.,  1880. 
♦F.  Kohlrausch,  Wied.  Ann.,  n,  p.  678,  1888. 
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case  was  any  attempt  made  to  determine  the  absolute  value  of  the 
conductivity,  but  merely  the  per  cent,  of  change  produced  by  the 
stretching  force. 

The  Method. 

The  method  adopted  for  the  thermal  problem  was  substantially 
that  of  Wiedemann  and  Franz.  Two  bars  A  and  -5,  of  the  same 
size  and  material  and  as  nearly  alike  as  possible  in  every  respect, 
were  heated  at  one  end  to  a  constant  temperature.  When  the  steady 
state  was  reached,  a  point  was  determined  on  B  whose  temperature 
was  the  same  as  that  of  a  fixed  point  on  A.  B  was  then  subjected 
to  a  stretching  force  while  the  condition  of  A  remained  unchanged. 
When  the  steady  state  was  again  reached,  a  new  point  was  deter- 
mined on  B  having  the  same  temperature  as  the  fixed  point  on  A. 
Assuming  that  the  conductivity  is  proportional  to  the  square  of  the 
length  from  the  hot  end  to  this  point  of  constant  temperature,  we 
have  a  means  of  measuring  the  change  produced  by  the  force 
applied.  While  this  assumption  is  not  rigorously  true,  yet,  since 
the  changes  in  conductivity  are  relatively  small,  the  error  intro- 
duced by  its  adoption  is  less  than  the  experimental  errors. 

It  seemed  desirable  to  study  the  changes  in  the  electrical  con- 
ductivity of  the  same  bars  used  in  the  thermal  problem  and  under 
the  same  conditions.  Accordingly  the  electrical  resistance  of  a 
measured  length  of  the  bar  B  was  compared  with  that  of  approxi- 
mately the  same  length  of  bar  A  as  each  successive  tension  was  ap- 
plied to  B,  The  method  here  used  was  a  modification  of  the  Kelvin 
"  double-bridge  method  '*  due  to  J.  H.  Reeves. 

The  Apparatus. 
After  many  modifications  the  apparatus  finally  used  was  con- 
structed as  shown  in  plan  in  Fig.  i,  and  in  elevation  in  Fig.  2. 
Round  bars  were  employed  ^^  inch  in  diameter  and  about  4^  feet 
long.  The  bars  A  and  B  were  mounted  horizontally  side  by  side 
about  3  inches  apart.  At  the  left-hand  end  they  passed  completely 
through  a  cast-iron  box  C,  each  edge  of  which  was  8  inches  and 
whose  sides  were  i  inch  thick.  This  rested  on  a  tripod  stand  over 
a  Bunsen  burner.  The  box  was  provided  with  a  cast-iron  lid  and 
was  thickly  wrapped  in  asbestos.     On  the  inside  of  the  box  the  bars 
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were  clamped  between  two  heavy  pieces  of  copper  D,  one  above 
the  other,  each  5  inches  long,  1}  inches  wide  and  i  inch  thick. 
These  were  bored  out  to  receive  the  bars  and  held  together  by  bolts. 
The  bars  were  carefully  insulated  from  the  box  and  from  the  copper 
clutch  by  thin  sheets  of  mica.     A  hole  in  the  center  of  the  copper 


r^ — 


Fig.  1. 

clutch  received  the  bulb  of  a  thermometer  whose  stem  projected 
through  the  cover  of  the  box.  The  copper  clutch  was  maintained 
at  a  constant  temperature  by  a  thermostat.  This  consisted  of  a 
mercury  bulb  E^  placed  at  the  bottom  of  the  box  directly  over  the 
flame,  having  a  capillary  stem  projecting  above  the  cover.  A  wire 
inserted  in  the  top  of  the  stem  touched  the  mercury  when  a  certain 


Fig.  2. 

temperature  was  reached.  This  closed  an  electric  circuit  and  shut 
off  the  gas  from  the  burner.  As  soon  as  the  temperature  com- 
menced to  fall  the  circuit  was  opened  and  the  gas  turned  on  and 
lighted  by  a  small  pilot  light  which  burned  continuously.  Some 
difficulty  was  experienced  in  making  the  mercury  bulb  respond 
quickly  enough  to  the  changes  of  temperature.  It  was  at  first  sub- 
merged in  a  bath  of  paraffin,  but  this  was  given  up  because  of  the 
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smoke  given  off  when  somewhat  high  temperatures  were  employed. 
A  bath  of  mercury  was  next  used,  but  this  partly  vaporized  and 
then  condensed  in  the  cooler  parts  of  the  box,  destroying  the  insu- 
lation of  the  bars.  Finally,  the  alloy  used  in  making  fuse  wire  was 
employed.  This  melted  at  the  temperatures  used,  but  did  not 
vaporize  and  secured  intimate  thermal  connection  between  the  bulb 
and  the  bottom  of  the  iron  box.  With  this  arrangement  the  ther- 
mometer, graduated  to  degrees,  showed  no  measurable  variation. 
If  there  was  a  slight  variation  in  the  temperature  of  the  copper  clutch 
it  affected  both  bars  alike  and  hence  introduced  at  most  a  very  slight 
error  in  the  results. 

In  order  to  apply  tensions  equal  to  the  breaking  strength  of  the 
bars  it  was  necessary  that  they  be  mounted  in  an  extremely  rigid 
frame.  This  was  constructed  as  follows :  A  cast-iron  plate  F,  \i 
inches  wide,  i|  inches  thick  and  13  inches  high,  was  mounted  up- 
right on  a  table  immediately  in  front  of  the  iron  box.  A  similar 
plate  G  was  mounted  parallel  to  the  first  and  about  36  inches  in 
front  of  it.  The  bars  under  observation  passed  through  suitable 
holes  in  these  plates,  being  insulated  from  them  by  fiber  tubing. 
Four  |-inch  iron  rods  H,  connected  the  two  plates,  and  double  nuts 
at  each  end  of  each  rod  held  the  plates  securely  in  position.  Two 
|-inch  iron  rods  were  screwed  into  the  bottom  of  the  plate  F  and 
made  fast  to  the  floor  joists  below.  Two  other  rods  \  inch  in  di- 
ameter passed  through  /^horizontally,  then  through  a  12-inch  brick 
wall  of  the  building,  and  were  made  fast  to  a  large  iron  plate  on  the 
opposite  side. 

The  stretching  force  was  applied  by  means  of  a  lever  /.  This 
consisted  of  a  bar  of  the  best  tool  steel.  4  feet  long,  |  inch  thick 
and  2\  inches  wide.  A  steel  knife-edge  2\  inches  long  was 
attached  at  right  angles  to  the  lever  at  its  lower  end.  To  the  plate 
G  was  screwed  another  iron  plate  /,  insulated  from  G  by  sheets  of 
mica.  The  plate  y  had  several  horizontal  notches  cut  in  it,  in  which 
the  knife  edge  on  the  lever  could  rest,  serving  as  a  fulcrum. 

To  hold  the  bar  B  from  slipping  and  to  afford  a  means  of  attach- 
ment to  the  lever,  a  friction  clutch  K,  L  was  provided  for  each 
end.  Each  of  these  was  constructed  from  two  pieces  of  iron  \  inch 
thick,  2  inches  wide  and  3  inches  long.     These  two  iron  blocks, 
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with  a  thin  sheet  of  metal  between  them,  were  first  securely  bolted 
together  by  four  |-inch  steel  bolts.  A  ^^-inch  hole  was  then 
drilled  lengthwise  through  the  center.  The  sheet  metal  was 
removed  and  the  bars  ground  with  emery  between  the  parts  of  the 
clutch.  When  tightly  bolted  together  these  clutches  would  not 
slip  even  when  a  tension  was  applied  sufficient  to  break  rods  of 
steel.  However,  as  a  further  precaution  threads  were  cut  for  a 
half  inch  at  each  end  of  the  bar  and  steel  nuts  screwed  on  outside 
the  friction  clutches.  The  clutch  L  was  connected  to  the  lever  / 
by  a  link  made  of  two  pieces  of  strap  iron  i  inch  wide  and  ^^  inch 
thick,  one  piece  being  placed  on  each  side  of  the  lever.  Steel  pins 
connected  this  link  with  the  clutch  and  the  lever.  By  means  of 
the  nuts  on  the  rods  H,  the  plate  G  could  be  moved  parallel  to 
itself  and  so  adjusted  that  the  lever  always  exerted  a  horizontal  pull 
upon  the  bar.  A  box  for  carrying  weights  hung  from  the  end  of 
the  lever  and  could  be  gradually  lowered  or  raised  by  means  of  a 
jack-screw. 

In  order  that  the  bar  A  might  be  under  conditions  as  nearly  as 
possible  identical  with  those  of  B,  its  two  ends  were  provided  with 
a  similar  pair  of  friction  clutches  and  lock-nuts.  This  was  done  in 
order  that  any  changes  in  room  temperature  might  produce  the 
same  effect  upon  the  outer  ends  of  the  two  bars. 

To  protect  the  bars  from  air  currents,  they  were  enclosed  by  a 
tight  wooden  box  12  inches  wide,  9  inches  high  and  34  inches 
long,  extending  from  the  iron  plate  F  to  within  two  or  three  inches 
of  plate  G,  The  top  of  this  box  was  hinged  and  could  be  lifted  to 
afford  access  to  the  bars  and  glass  windows  in  the  top  and  side 
afforded  means  of  observation. 

Observations  of  temperature  were  made  by  means  of  thermo- 
electric couples.  According  to  the  method  employed,  it  was  not 
necessary  to  make  measurements  of  temperature  upon  either  bar,  but 
merely  to  determine  two  points,  one  on  each  bar,  which  had  the 
same  temperature.  Two  thermo-electric  couples  made  of  No.  40 
iron  and  nickel  wire  were  mounted  as  shown  in  Fig.  3.  M  and  AT 
are  pieces  of  hard  rubber  from  which  are  hung  equal  weights,  W 
and  W* ,  These  could  slide  along  on  the  tops  of  the  bars  A  and  B, 
A  piece  of  nickel  wire  connected  M  and  J/^,  passing  through  a  small 
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hole  in  each  and  ending  in  a  loop.  A  piece  of  iron  wire  was  simi- 
larly mounted  on  each  side,  the  junction  of  iron  and  nickel  coming 
directly  on  top  of  the  bar.  The  iron  wires  passed  out  through  holes 
in  the  bottom  of  the  wooden  box  and  were  soldered  to  copper  wires 
which  ran  to  the  galvanometer.  The  two  junctions  of  iron  and 
copper  were  immersed  in  a  bottle  nearly  filled  with  kerosene.  To 
avoid  the  possibility  of  thermo-electromotive  forces  being  introduced 
at  the  connection  with  the  galvanometer,  the  instrument  was  en- 
closed in  a  wooden  box  and  the  mirror  observed  through  a  small 
opening  in  the  front.     All  parts  of  this  enclosure  were  doubtless  at 

substantially  the  same  temperature. 
Before  each  observation,  the  bottle 
of  kerosene  was  thoroughly  shaken 
to  insure  equality  of  temperature. 
It  is  therefore  evident  that  if  the 
two  iron-nickel  junctions  are  at  the 
same  temperature,  the  galvanometer 
will  show  no  deflection.  The  couple 
on  the  bar  B  could  be  moved  along 
in  either  direction  by  means  of  two 
prongs  projecting  at  right  angles  to 
a  light  brass  rod  N  which  passed 
through  the  end  of  the  box  and  the 
iron  plate  G,  The  galvanometer 
used  was  a  four-coil  Kelvin  having 
the  coils  in  parallel  so  that  its  re- 
sistance was  about  6  or  7  ohms. 
The  sensitiveness  was  such  that 
with  the  two  couples  at  about  50  cm.  from  the  copper  clutch  set- 
tings could  be  made  to  within  about  .2  mm. 

To  observe  the  relative  position  of  the  two  couples,  a  white  paper 
index  was  pasted  to  the  top  of  each  piece  of  hard  rubber.  A  mir- 
ror 0  was  mounted  on  a  horizontal  axis  parallel  to  the  bars  above 
the  window  in  the  top  of  the  wooden  box.  This  served  to  throw 
the  image  of  either  index  into  the  field  of  the  telescope  of  a  cathe- 
tometer  mounted  horizontally  parallel  to  the  bars.  The  windows  in 
the  box  were  kept  covered  except  when  readings  with  the  cathe- 
tometer  were  being  made. 
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To  measure  the  elongation  of  the  bar  under  tension,  a  telescope 
was  mounted  which  could  be  moved  horizontally  by  a  micrometer 
screw  reading  to  hundredths  of  a  millimeter.  This  was  focused 
simultaneously  upon  a  scratch  on  the  bar  B  and  a  brass  index 
securely  clamped  to  A.  Since  the  whole  frame  yielded  somewhat 
under  stress  the  elongation  was  determined  from  the  change  in  the 
distance  between  these  two  index  marks.  The  probable  error  of 
setting  on  each  mark  was  about  .01  mm. 

Heavy  copper  lead  wires  were  soldered  to  the  friction  clutches 
L  and  Z',  while  holes  drilled  in  the  tops  of  K  and  K*  served  as 
mercury  cups  through  which  the  two  bars  A  and  B  could  be  elec- 
trically connected  by  a  piece  of  copper  rod  bent  twice  at  right 
angles. 


a>9T7smr 


Fig.  4. 

The  arrangement  of  apparatus  for  the  comparison  of  resistances 
is  shown  diagrammatically  in  Fig.  4.  A  number  of  storage  cells 
could  be  connected  with  the  two  bars  A  and  B  through  the  com- 
mutator P,  A  resistance  Q  (consisting  of  two  incandescent  lamps 
in  parallel)  was  introduced  into  the  circuit.  This  resistance  could  be 
completely  cut  out  by  inserting  the  copper  connector  T  in  its  mer- 
cury cups.  After  trying  various  forms  of  movable  contacts,  the  fine 
lead  wires  x,  y,  z,  w  were  finally  soldered  directly  to  the  bars. 
Great  difficulty  was  experienced  in  eliminating  the  effects  of  thermo- 
electromotive  forces  developed  at  various  contacts  of  dissimilar 
metals.  For  this  reason  the  lead  wires  were  wherever  possible 
made  of  the  same  material  as  the  bars  to  which  they  were  attached. 
The  other  ends  of  ;r  and  y  were  joined  to  the  terminals  of  a  slide- 
wire  bridge  whose  resistance  wire  a^  b  was  wound  on  a  revolving 
cylinder  and  the  whole  enclosed  in  a  wooden  box  so  that  the  three 
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junctions  U,  V,  W  should  be  at  the  same  temperature.  The  free 
ends  of  ^  and  w  were  joined  to  the  terminals  of  two  standard  resist- 
ance boxes  i?j  and  R^,  R^  was  keep  fixed  at  i,ooo  or  2,000  ohms 
while  R^  was  adjusted.  Since  it  was  found  that  small  thermo-elec- 
tromotive  forces  were  developed  by  the  pressure  of  an  ordinary 
contact  key,  a  key  was  constructed  at  Z  consisting  simply  of  a  bent 
copper  wire  mounted  in  a  piece  of  fiber  on  a  spring  and  bridging 
the  gap  between  two  mercury  cups.  This  insured  always  a  certain 
and  uniform  contact  and  one  free  from  any  E.M.F.  Adjustments 
of  the  sliding  contact  V  and  of  the  resistance  R^  were  made  until 
the  galvanometer  showed  no  deflection  whether  the  connector  5 
was  in  the  mercury  cups  or  removed.  When  5  was  removed  T 
was  also  removed  and  a  relatively  small  current  employed.  When 
5  was  inserted  7"  was  also  inserted  and  a  current  of  from  10  to  20 
amperes  sent  through  the  bars.  In  this  way  the  resistance  of  the 
portion  of  B  between  j'  and  z  was  compared  with  that  of  A  between 
X  and  w.  The  direction  of  the  current  was  then  reversed  by  the 
commutator  P  and  the  measurements  repeated.  The  results  ob- 
tained by  reversing  the  current  seldom  differed  by  more  than  one 
part  in  two  thousand  and  in  many  cases  no  measurable  difference 
could  be  observed. 

The  Observations. 
The  procedure  in  making  a  set  of  observations  was  as  follows : 
An  electro-magnet  connected  with  the  program  clock  served  to 
turn  on  the  gas  at  any  hour  desired.  Since  four  or  five  hours 
was  required  before  the  steady  state  was  reached,  the  mechanism 
was  usually  set  for  three  o'clock  in  the  morning.  The  thermostat 
was  adjusted  to  maintain  the  temperature  desired  in  the  experiment 
by  setting  the  contact  wire  at  the  proper  height  in  the  tube.  At 
eight  or  nine  o'clock  in  the  morning  observations  were  usually 
begun.  The  thermo-electric  couple  on  B  was  adjusted  till  the  gal- 
vanometer showed  no  deflection  and  the  position  of  the  two  couples 
read  by  the  cathetometer.  The  relative  position  of  the  index  marks 
on  the  two  bars  was  read  by  the  micrometer  telescope.  The  elec- 
trical resistances  of  fixed  lengths  of  the  two  bars  were  then  com- 
pared. A  suitable  weight  was  then  hung  from  the  end  of  the  lever 
and  the  apparatus  left  for  at  least  an  hour,  or  until  observation 
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showed  that  the  steady  state  was  again  reached.  The  series  of 
observations  was  then  repeated.  This  was  continued  till  the  maxi- 
mum tension  which  the  bar  could  safely  stand  was  reached  when 
the  weights  were  gradually  removed  and  the  set  of  observations 
made  with  decreasing  tension. 

Results. 
Measurements  have  been  made  on  bars  of  iron,  steel,  copper, 
brass  and  a  few  on  aluminum  and  zinc.     One  typical  set  of  measure- 
ments is  given  in  full  in  Table  I.     In  this  and  subsequent  tables  T 

Table  I. 

Iron  Bar  B^y    July  10,  1908.      Temperature  200°. 


T 

Micrometer 
Readings. 

^L 

Resistance. 

Kg. 

A 

B 

=  B- 

-A 

Dii 

19^ 

rect. 

Reversed. 

Ave. 

0 

\       mm. 
1      2.50 

mm. 
2.50 

mn 
0 

W.O 

1999.0 

1999.0 

40 

1      3.95 

4.90 

.95 

2005.0 

2005.2 

2005.1 

80 

1      4.91 

7.34 

2.43 

2017.0 

2018.0 

2017.5 

40 

4.45 

6.54 

2.09 

2012.0 

2013.0 

2012.5 

0 

3.33 

4.63 

1.30 

2003.0 

2003.4 

2003.2 

Couples. 

/ 

/> 

K 

Ai 

1 

1    ' 

A          1 

B 

B-A 

=  50  cm. 

2465 

LOOO 

0 

cm.       ! 
3.19 

cm. 
3.54 

cm. 
.35 

49.65 

LOOOO 

3.04 

2.96 

-.08 

50.08 

2508 

L017 

.000235 

1.0020 

2.99 

2.53 

-.46 

50.46 

2546 

1.033 

.00060] 

1.0065 

3.03 

2.97 

-.06 

50.06 

2506 

1.016 

.000541 

1.0044 

3.03 

3.35 

.32 

4 

9.68 

24 

68 

1.00 

1 

.00032] 

L       1.0070 

Length  of  bar  between  points  from  which  AZ  was  measured,  111.5  cm. 
Length  of  bar  between  points  from  which  resistance  was  measured,  85.4  cm. 
Value  of  Poisson's  ratio  employed  in  computing  Aj,  .277. 

is  the  load  in  kilograms  hung  from  the  lever.  Where  the  load  is 
marked  o,  the  bars  were  stretched  by  a  force  due  to  the  weight  of 
the  lever.  This  was  equivalent  to  a  load  of  about  5  kg.  To  ex- 
press the  tension  in  kilograms  per  square  centimeter,  T  must  be 
multiplied  by  29.3  A-i  is  the  elongation  in  centimeters;  /,  the 
distance  from  the  edge  of  the  copper  clutch  to  the  position  of  the 
thermo-electric  couple  on  bar  B]  K,  the  ratio  of  the  thermal  con- 
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ductivity  of  the  bar  to  its  conductivity  before  any  tension  was  ap- 
plied ;  <y,  the  corresponding  ratio  of  specific  resistances  ;  A  J,  the 
relative  change  in  cross-section  of  the  bar. 


Table  II. 

Further  Measuremtnis  on 

^11. 

T 

July  11,  Temp.  195°. 
mm. 

9 

T 

1         AZ,                   K         \ 

July  14,  Temp.  196°. 

9 

•'s- 

Kg. 

mm. 

1                 1 

1.14 

1.002 

1.0009 

0 

1.68 

.9952    1 

1.0019 

40 

2.00 

1.018 

1.0019 

40 

2.32 

1.019      1 

1.0030 

80 

2.85 

1.022 

1.0053 

80 

2.90 

1.024      1 

1.0047 

40 

2.40 

1.007 

1.0042 

40 

2.35 

1.019      1 

1.0031 

0 

1.61 

1.000 
:mp.  196.5. 

1.0019 

0 

1.70          1.003      , 
July  15,  Temp.  196°. 

1.0017 

July  13,  T< 

0 

1.62 

1.006 

1.0019 

0 

1.70 

1.003 

1.0018 

40 

2.42 

1.016 

1.0042 

40 

i      2.36 

1.022      1 

1.0037 

80 

2.88 

1.019 

1.0044 

80 

!      2.95 

i    1.030      1 

1.0047 

40 

2.31 

1.010 

1.0031 

40 

j      2.35 

1.022 

1.0035 

0 

1.76 

.9983 

1.0020 

0 

1.79 

1      .9972 

1.0016 

In  computing  the  relative  thermal  conductivity  no  correction  has 
been  made  for  the  decrease  in  cross-section  of  the  bar  as  it  is 
stretched.  This  change  in  cross-section  may  be  computed  from  the 
value  of  Poisson's  ratio  for  the  given  material  and  the  correction 
applied.  It  is  found,  however,  that  it  affects  only  the  fourth  decimal 
figure  and  hence  is  beyond  the  limits  of  accuracy  of  the  experiment. 
Since  the  value  of  o  is  computed  to  four  decimal  figures,  the  cor- 
rection is  there  computed  and  applied. 

In  Table  II.  are  given  in  condensed  form  the  results  of  four  other 
sets  of  measurements  on  the  same  iron  bar  B^^,  made  after  those 
given  in  Table  I.  The  results  for  other  bars  of  different  metals  are 
given  in  the  other  tables.  Some  of  the  results  are  plotted  in  the 
accompanying  curves. 

Many  other  measurements  were  made  on  other  bars  of  the  same 
metals,  a  total  of  eighteen  different  bars  being  employed.  The  re- 
sults obtained  for  the  other  bars  were  substantially  the  same  as 
those  recorded.  The  difference  in  the  behavior  of  different  bars  of 
the  same  metal  was  no  greater  than  the  difference  in  successive 
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Table  III. 

Steel  Bar,  B^^ . 


r         1        AL        1         X 

c 

T 

AL         \           /C         \           a 

Jane  25.  Temp.  201*» 

1.0000 

June  30,  Temp.  205*^. 

0                 0 

1.000 

0 

.59 

1.051 

1.0018 

40             .43 

1.034 

1.0009 

40 

1.30 

1.070 

1.0018 

80 

.88 

1.050 

1.0008 

80 

L79 

1.079 

1.0021 

120 

1.047 

120 

2.19 

1.080 

1.0022 

Weigh   hung  on  over  night. 

175 
Julyl,wt 

2.85 

1.076 

1.0039 

June  26,  Temp.  204«. 

.hung  on  over  night.   Temp.  203**. 

175 

2.42 

1.050 

1.0017 

175 

2.91 

1.076          1.0028 

120 

1.87 

1.059 

1.0023 

120 

2.11 

1.064         1.0023 

80 

1.35 

1.057 

1.0021 

80 

1.42 

1.068          1.0018 

40 

.74 

1.056 

1.0014 

40 

1.058 

0              .33 

1.041 

1.0012 

0 

.59 

1.042     i     1.0009 

June  27,  Temp.  204**. 

July  2,  Temp.  202'>. 

0      .        .28 

1.039 

1.0004 

0 

.59          1.041     '     1.0014 

40      j       1.22 

1.057 

1.0010 

40 

1.31          1.063     '     1.0002 

80      1      1.69 

1.071 

1.0014 

80 

1.68      1     1.073     '     1.0012 

120            2.16 

1.072 

1.0020 

120 

2.06          1.078          1.0017 

175            2.69 

1.069 

1.0058 

175 

2.76          1.080         1.0028 

ane29, 
until  Mom 

175 

weight  hung  on  from 
lay.    Tcmp.201«. 

Saturday 

July  3,1 
202«. 

nreight  hung  on  over  night.    Temp. 

2.75     1     1.070 

1.0056 

175 

2.76 

1.085         1.0037 

120            2.01     1     1.062 

1.0053 

120 

2.07 

1.079          1.0034 

80            1.24         1.057 

1.0050 

80 

1.43 

1.071         1.0035 

40      i        .91     i     1.067 

1.0044 

40 

1.04 

1.070     1     1.0022 

0 

.59 

1^052 

1.0027 

0 

.59 

1.049 

_i0013_ 

measurements  on  the  same  bar.  The  experiment  has  been  set  up 
twice  with  different  apparatus  and  in  all  cases  has  yielded  results  of 
the  same  order  of  magnitude. 

Conclusions. 
It  is  probable  that  the  apparent  change  in  the  thermal  conductiv- 
ity of  the  same  bar  under  the  same  tension  from  day  to  day  is  due 
in  part  to  changes  in  the  character  of  the  surface  of  the  bar.  No 
attempt  was  made  to  prevent  oxidation,  which  affected  somewhat  the 
surfaces  of  both  the  bars  compared.  If  the  radiating  power  of  one 
surface  changed  more  than  that  of  the  other  an  apparent  change  in 
conductivity  would  result.     It  is  hardly  probable  that  this  change 
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Table  IV. 

Copper  Bar,  B^^, 


\__^ [__^_ I 

July  27,  Temp.  152*. 


0 
30 
55 
30 

0 


0 

1.000 

1.63 

1.026 

3.40 

1.030 

2.66 

1.028 

1.74 

1.020 

1.0000 

1.0001 

1.0010 

.9993 

.9985 


July  28,  Temp.  152''. 


0 
30 
55 
30 

0 


1.67 

1.024 

2.52 

1.036 

3.67 

1.030 

2.97 

1.037 

1.90 

1.023 

.9985 

1.0000 

1.0016 

.9999 

.9982 


July  31,  Temp.  150°. 


0 
30 
55 
30 

0 
30 
55 
30 

0 


1.92 

1.021 

2.75 

1.032 

3.14 

1.024 

2.52 

1.028 

1.83 

1.018 

2.68 

1.029 

3.52 

1.020 

2.66 

1.021 

1.86 

1.010 

I 


a 
5 


AL 


August  4,  Temp.  150° 


0 
20 
30 
40 
55 
40 
30 

0 


1.83 

1.015 

2.51 

1.019 

2.74 

3.08 

1.028 

3.40 

1.016 

2.98 

1.026 

2.76 

1.018 

1.98 

1.013 

August  5,  Temp.  151° 


1.96 

1.010 

2.45 

1.018 

2.60 

1.015 

2.96 

1.014 

•3.65 

1.007 

3.02 

1.018 

2.97 

1.010 

2.05 

1.010 

during  the  progress  of  a  single  experiment  was  sufficient  to  affect 
the  comparison  of  these  results  among  themselves.  An  inspection 
of  the  tables  and  the  curves  shows  that  in  every  case  the  thermal 
conductivity  of  the  bars  increases  when  a  moderate  tension  is  ap- 
plied. As  the  limit  of  elasticity  is  reached  this  increase  approaches 
a  maximum.  As  the  tension  exceeds  this  limit,  the  conductivity 
remains  practically  constant  in  the  case  of  the  more  elastic  metals, 
such  as  steel  and  brass,  or  begins  to  diminish  in  the  case  of  the 
softer  metals.  This  is  shown  in  some  of  the  tests  on  iron  bars  and 
particularly  in  the  case  of  copper.  After  a  bar  has  been  stretched 
its  conductivity  does  not  immediately  return  to  its  former  value. 
This  is  most  noticeable  in  steel  and  brass.  In  the  softer  metals  the 
return  to  the  original  value  is  more  perfect.  It  is  probable  that 
steel  and  brass  would  regain  their  original  conductivity  if  given 
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Table  V. 

Brass  Bar^  Byg, 


AL 


August  12,  Temp.  156**. 


0 
30 
60 
90 
60 
30 

0 


0 
1.46 
2.19 
3.21 
2.78 
1.94 
.92 


1.000 
1.027 
1.030 
1.033 
1.035 
1.025 
1.015 


1.0000 
1.0000 
1.0023 
1.0047 
1.0012 

1.0000 


August  13,  Temp.  154**. 


0 
30 
60 
90 


.81 
1.88 
2.60 
3.22 


1.021 
1.037 
1.041 
1.042 


1.0086 
1.0088 
1.0099 
1.0102 


AZ 


60 

30 

0 


August  13.  Temp.  154''. 
mm.       I 

2.50      I     1.041         1.0099 

1.53  1.037        1.0077 

.83  1.024         1.0080 


August  14,  Temp.  154° 


0 
30 
60 
90 
60 
30 

0 


mm. 

.74 
1.71 

.50 
3.19 
2.38 
1.54 

.71 


1.020 
1.039 
1.041 
1.038 
1.036 
1.034 
1.018 


1.0082 
1.0094 
1.0100 
1.0106 
L0096 
1.0097 
1.0092 


sufficient  time,  but  this  has  not  been  tested  by  experiment.  The 
total  change  in  the  conductivity  of  steel  may  amount  to  7  or  8  per 
cent.;  that  of  iron  to  4  or  5  per  cent.;  brass,  about  4  per  cent,  and 
copper  2  or  3  per  cent.  A  few  measurements  were  made  on  alumi- 
num before  the  apparatus  was  put  in  its  final  form.  These  showed 
an  increase  in  thermal  conductivity  of  about  one  half  per  cent,  under 
the  maximum  tension.  Measurements  were  attempted  upon  bars 
of  zinc  but  these  proved  unsatisfactory.  The  bars  were  not  of  uni- 
form structure  or  cross-section,  and  stretched  continuously  and 
slowly  under  any  weight  applied,  not  being  able  to  support  even 
the  weight  of  the  lever.  At  the  same  time  they  showed  apparently 
a  larger  increase  in  conductivity  than  bars  of  any  other  material 
tested.  Since  constant  conditions  were  never  attained,  no  great 
confidence  can  be  placed  in  the  results. 

In  every  case  the  electrical  resistance  increased  with  increasing 
tension  ;  that  is,  the  conductivity  diminished.  These  results  are  in 
substantial  agreement  with  those  obtained  by  other  experimenters  on 
the  resistance  of  wires.  Of  course  the  conditions  of  this  experiment 
were  not  suited  to  a  highly  accurate  determination  of  this  eflfect. 
It  is,  however,  of  interest  to  note  that  the  changes  in  the  thermal 
conductivity  produced  by  moderate  tensions  are  opposite  in  direction 
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to  those  in  the  electrical  and  are  of  an  order  of  magnitude  about  ten 
times  greater.     Some  rather  rough  experiments  upon  the  effect  of 
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Fig.  5.     Iron  Bar  B„  (July  14). 


Fig.  6.     Steel  Bar  B|,  (July  2  and  3). 


Fig.  7.     Copper  Bar  B,^  (Aug.  4). 


Fig.  8.     Brass  Bar  Bjg  (Aug.  13). 


bending  bars  of  iron  and  copper  so  that  a  large  permanent  deforma- 
tion was  produced  seemed  to  show  a  marked  decrease  in  thermal 
conductivity  of  from  five  to  eight  per  cent.     This  is  to  be  expected 
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from  the  behavior  of  copper  bars  when  stretched  beyond  their 
elastic  limit.  It  is  hoped  at  some  future  time  to  make  a  further 
study  of  this  effect  and  also  to  investigate  the  changes  produced  by 
torsion. 

My  thanks  are  due  to  Mr.  Walter  Kachelski,  the  college  mechan- 
ician, for  advice  and  assistance  in  the  construction  of  the  apparatus. 
OuvET  College, 
August  21,  1908. 
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A   STUDY   OF   OVERCAST   SKIES. 
By  Edward  L.  Nichols. 

TN  two  recent  communications  I  have  described  the  results  of  cer- 
J-  tain  measurements  of  the  visible  spectrum  of  the  light  from 
the  sky  ^  and  have  made  comparisons  between  the  spectrum  of  day- 
light and  that  of  various  artificial  sources  of  illumination.*  In  the 
present  paper,  the  spectrum  of  the  light  of  overcast  skies,  is  more 
particularly  considered  in  its  relations  to  the  spectra  obtained  from 
the  cloudless  sky  and  from  skies  in  intermediate  stages. 

As  in  the  measurements  already  described  the  instrument  used 
was  a  spectrophotometer  of  the  Lummer-Brodhun  type  so  arranged 
that  one  collimator  pointed  to  the  zenith  while  the  other,  which  was 
horizontal,  received  the  light  from  a  comparison  source  of  nearly 
constant  intensity  and  composition.  This  comparison  source  was 
an  acetylene  flame.  Measurements  were  made  throughout  the  vis- 
ible spectrum  from  the  extreme  red  at  .74y"  to  the  extreme  violet 
at  .38)"  thus  including  in  the  observations  two  regions  lying  close 
to  the  boundaries  of  the  spectrum  which  had  hitherto  been  com- 
paratively neglected.  The  results  obtained,  as  in  the  previous  papers 
just  referred  to,  are  presented  in  the  form  of  curves  in  which  abscissae 
are  wave-lengths  and  ordinates  give  the  brightness  of  the  spectrum 
of  skylight  in  terms  of  the  brightness  of  the  corresponding  region 
in  the  spectrum  of  the  acetylene  flame.  The  scale  adopted  is  en- 
tirely arbitrary.  The  brightness  of  the  comparison  spectrum  was 
adjusted  to  a  convenient  intensity  by  the  interposition  of  a  diaphragm 
in  front  of  the  flame  and  of  a  milk  glass  screen  of  neutral  tint,  the 
nonselective  character  of  the  transmitting  power  of  which  had  been 
ascertained  by  careful  observation.  Although  many  studies  of  the 
quality  of  the  light  from  clear  skies  have  been  made,  generally  for 
the  purpose  of  testing  Rayleigh's  theory  but  little  attention  has 
been  given  to  the  light  of  clouded  skies.     So  far  as  I  am  aware  in- 

»  Nichols,  Phys.  Rev.,  Vol.  XXVI.,  p.  497. 

*  Nichols,  Transactions  of  the  Illuminating  Engineering  Society,  Vol.  III.,  p.  301. 


Digitized  by 


Google 


No.  2.] 


A   STUDY  OF  OVERCAST  S/CIES, 


123 


deed  the  only  definite  spectrophotometric  data  are  those  published 
by  Crova  in  the  course  of  his  extended  and  systematic  observations 
on  the  skies  at  Montpellier  in  France.* 

The  results  to  be  described  in  this  paper  were  made  during  a 
vacation  journey  in  Europe  in  1907. 

Measurements  of  the  spectrum  of  the  light  from  the  zenith  taken 
at  times  when  the  sky  was  completely  overcast  gave  curves  notable 
for  their  simplicity  and  for  their  similarity  to  one  another.  The 
type  of  these  curves  is  sufficiently  represented  in  Fig.  i  where  the 
curve  Fis  for  an  overcast  sky  studied  in  Vienna  in  June,  1907,  and 
Z  represents  the  character  of  the  light  obtained  from  a  similar  sky 
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Fig.  2. 


J/^ 


measured  at  Zell  am  See,  Austria,  in  July  of  that  year.  The  former 
curve  was  taken  just  before  noon  on  a  rather  bright  but  completely 
cloudy  day,  the  latter  about  6  P.  M.  when  the  sky  was  heavily 
overcast  and  threatening  rain.  While  these  two  skies  differ  in 
brightness  approximately  in  the  ratio  of  one  to  two  they  indicate 
remarkable  similarity  as  to  the  composition  of  the  light  coming  from 
the  clouds. 

It  was  noted  by  Crova  in  the  course  of  his  investigation  that  over- 
cast skies  differ  but  little  in  composition  from  many  cloudless  skies. 
This  observation  is  verified  by  a  comparison  of  the  curves  in  Fig.  i 
with  those  in  Fig.  2  which  are  from  measurements  made  at  Vienna 
'Crova,  Annalesde  Cbimie  ct  dc  Physique  (6),  XX.,  p.  480. 
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on  a  morning  of  a  cloudless  June  day.  It  will  be  noted  that  curve 
V^,  Fig.  2,  is  almost  identical  with  curve  V,  Fig.  i,  and  that  V^ 
differs  from  these  but  slightly.  All  of  these  curves  show  the  same 
characteristic,  namely,  a  slight  droop  in  the  extreme  violet.  That 
the  light  from  a  cloud  in  shadow  is  ever  identical  in  quality  with 
that  from  blue  skies  is,  I  believe,  contrary  to  the  common  impres- 
sion ;  yet  it  is  frequently  diffi- 
cult to  tell  whether  a  portion 
of  the  sky  towards  which  one 
is  looking  is  clear  or  clouded 
unless  one  can  detect  the 
cloud  structure. 

While  the  spectrum  of  over- 
cast skies  is  almost  identical 
with  that  of  certain  cloudless 
skies  the  similarity  does  not 
extend  by  any  means  to  all 
cases.  The  intensely  blue 
skies  observed  in  fine  weather 
in  regions  where  the  atmo- 
sphere is  comparatively  free 
from  smoke  and  dust  are  of 
quite  a  different  type.  Meas- 
urements under  such  condi- 
tions give  curves  of  which 
those  in  Fig.  3  are  good  ex- 
amples. The  curve  Br  is  from 
measurements  made  at  Brienz 
in  Switzerland  about  8  A.  M. 
on  a  cloudless  morning  in 
August,  1907,  while  the  curve  Tr  was  obtained  at  Trafoi  in  Tyrol  be- 
fore sunrise  in  July  of  that  year.  In  these  curves  the  relative 
brightness  in  the  violet  as  compared  with  the  red  is  several  times 
as  great  as  in  the  curves  for  overcast  sky  or  in  the  curves  for  clear 
sky  exhibited  in  Fig.  2.  There  is  moreover  no  approach  to  a 
maximum  at  the  violet  end  of  the  spectrum  and  the  yellow  and  green 
are  relatively  very  weak  so  that  the  curves  are  strongly  concave. 
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Between  these  extreme  types  there  exist  numerous  intermediate 
stages  of  the  atmosphere  which  depend  on  the  amount  of  con- 
densed vapor  which  may  be  present.  On  a  misty  day,  for  example, 
when  the  sun  is  barely  visible  another  and  distinctive  type  of  curve 
is  obtained.  Examples  of  this  form  are  given  in  Fig.  4,  the  curves 
in  which  were  taken  at  Zell  am  See  on  a  misty  day  during  which 
clouds  were  continually  gathering  and  disappearing.  Curve  a  was 
taken  at  2:30  P.  M.  at  which 
time  no  definite  clojid  forms 
were  visible  but  the  sky  was 
full  of  white  mist.  At  2  :  45 
P.  M.  the  mist  had  cleared  and 
the  sky  was  blue  and  very 
bright.  Curve  b  represents 
this  condition  and  it  is  interest- 
ing to  compare  this  curve  with 
those  in  Fig.  2.  The  inten- 
sities are  nearly  the  same  as  in 
V^,  The  curve  b  is  intermedi- 
ate in  type  between  f^  and  the 
curves  in  Fig.  3  but  much 
closer  to  V^  in  character.  At 
3:15  mist  again  filled  the  sky 
and  curve  c  was  obtained,  the  type  of  which  corresponds  in  all  re- 
spects with  curve  a.  The  intensities  are  the  same  throughout 
excepting  in  the  extreme  violet  where  measurements  are  at  best 
more  or  less  uncertain  and  both  curves  have  the  same  characteristic 
maximum  in  the  blue  at  .42  fx.  This  maximum  is  represented  in 
reduced  form  in  the  slight  droop  in  the  curves  from  the  overcast 
sky  (Fig.  i)  and  is  entirely  absent  in  those  obtained  from  cloudless 
skies  of  the  type  depicted  in  Fig.  3. 

At  times  during  the  day  in  question  the  mists  gathered  into  great 
masses  of  sunlit  cumulus  with  patches  of  clear  sky  between.  At  a 
time  when  such  a  cloud  mass  filled  the  zenith  curve  d  was  obtained. 
In  this  curve  the  brightness  of  the  extreme  red  of  the  spectrum  at 
.7  ^  is  more  than  twice  that  of  the  spectrum  of  the  clear  sky  shown 
in  curve  b.     The  intensity  in  the  blue  at  .42  (i  is  the  same  as  in 
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curves  a  and  c  but  the  peculiar  maximum  at  this  region  is  some- 
what less  marked. 

This  maximum  in  the  blue,  which  is  found  in  all  spectrum  curves 
for  misty  sides  which  I  have  observed,  appears  regularly  as  the  day 
advances  in  the  mountainous  regions  of  Switzerland  during  fine 
summer  weather  when  there  is  a  gradual  formation  of  mist  in  the 
upper  atmosphere  gathering  into  cloud  masses  with  a  tendency 
toward  thunder  showers  in  the  afternoon.     The  change  in  the  curve 

occurs  bffore  the  presence  of 
mist  is  easily  observable  to  the 
eye.  The  maximum  is  com- 
monly well  established  before 
noon  and  frequently  persists 
until  towards  sunset. 

The  gradual  growth  and 
disappearance  of  this  charac- 
teristic may  be  observed  when- 
ever observations  are  made  at 
intervals  throughout  the  day 
under  weather  conditions  such 
as  I  have  described.  Fig.  5 
shows  results  obtained  at  the 
top  of  the  Brienzer  Rothhorn 
in  August,  1 907.  The  curve 
taken  at  10:  10  A.  M.  shows 
no  trace  of  the  maximum  in 
the  blue.  At  1 1  A.  M.  the 
intensities  in  the  blue  and 
violet  had  rapidly  increased 
and  the  approach  to  a  maxi- 
mum in  this  region  began  to 
manifest  itself.  At  3  :  30  P. 
M.  the  maximum  was  well 
marked  ;  at  4  :  20  P.  M.  it  had  again  almost  disappeared,  the  type 
of  curve  being  almost  identical  with  that  obtained  at  1 1  A.  M.  A 
much  more  complete  series  of  observations  showing  these  gradual 
changes  of  form  during  the  day  was  obtained  at  Sterzing  on  July 
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17.     Measurements  were  begun  before  direct  sunlight  reached  the 
valley  and  were  continued  until  after  sunset. 

The  general  character  of  the  results  are  shown  in  Fig.  6  in  which 
the  curves  drawn  in  full  line  are  from  measurements  taken  before 
noon  while  the  dotted  curvps  give  data  obtained  in  the  afternoon. 
It  will  be  noticed  that  the  curves  at  5  :  20  A.  M.  and  7  A.  M.  are 
of  the  usual  early  morning  type  and  similar  to  those  of  Fig.  3.     At 
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10 :  20  A.  M.,  however,  the  maximum  in  the  blue  had  developed 
and  it  persisted  until  late  in  the  day.  The  curves  at  I  :  30  P.  M. 
and  5  :  50  P.  M.  show  the  continuance  of  this  feature  but  at  6  :  45 
P.  M.  it  had  nearly  disappeared  and  at  7  :  20  P.  M.  was  entirely 
gone.  The  curve  at  that  hour  had  returned  almost  exactly  to  the 
form  obtained  before  sunrise. 
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The  maximum  in  the  blue  seems  to  occur  in  its  most  pronounced 
form  at  high  altitudes.  The  best  examples  of  it  which  I  obtained 
were  observed  at  Samaden  in  the  upper  Engadine  and  on  the  upper 
ice  field  of  the  Rhone  Glacier. 

In  curve  5,  Fig.  7,  which  represents  the  readings  taken  at  Sama- 
den about  9  o'clock  on  a  morning  in  July,  when  the  sky  appeared 
quite  cloudless,  the  maximum  is  developed  to  an  unusual  degree. 
It  will  be  noted  that  the  spectrum  of  the  light  from  the  sky  was 
relatively  no  brighter,  compared  with  that  of  the  acetylene  flanje, 
in  the  extreme  violet  at  .38;/  than  in  the  green  at  .50;/.  In  the 
intervening  region  the  ordinates  rise  however  to  double  these  values. 

Curve  R  in  Fig.  7  is  from  measurements  made  on  the  ice  field  of 
the  Rhone  Glacier  at  a  point  above  the  ice  fall  near  which  crossing 
is  usually  made  from  the  Belvidere  to  the  Naegeli  Graetli.  It  was 
a  bright  morning  but  mists  were  continually  forming  on  the  sur- 
rounding peaks  and  melting  away  so  as  to  leave  the  sky  overhead 
apparently  clear.  It  will  be  noted  that  the  intensities  of  the  spectrum 
throughout  the  region  lying  between  .5  /i  and  .7//  are  almost  identi- 
cal with  those  obtained  at  Samaden.  The  variations  lie  almost  en- 
tirely in  the  blue  and  violet  of  the  spectrum.  Although  in  these 
regions  the  curves  do  not  coincide,  the  maximum  at  .42  /i  appears 
in  both. 

Whether  this  highly  variable  band  in  the  blue  is  an  emission 
band  superimposed  upon  the  spectrum  of  a  sky  greatly  diluted  and 
whitened  by  the  sunlight  reflected  from  particles  of  condensed  vapor  ; 
in  which  case  it  might  be  ascribed  to  the  fluorescence  of  some  vari- 
able component  of  the  upper  atmosphere,  possibly  ozone  as  sug- 
gested by  Hartley  ;  or  whether  it  is  wholly  due  to  selective  absorp- 
tion in  the  ultra-violet  on  one  side  and  in  the  green  on  the  other, 
as  seems  much  more  probable,  cannot  be  definitely  determined  from 
existing  data.  In  any  event  it  is  a  phenomenon  absent  from  the 
clearest  skies  and  one  which  is  rapidly  masked  by  the  presence  of 
considerable  thicknesses  of  cloud-materials.  Whatever  be  its  nature 
it  indicates  an  occasional  departure  from  the  distribution  of  intensi- 
ties which  characterizes  the  perfect  sky  of  Rayleigh  of  a  sort  which 
demands  further  investigation. 

It  will  be  seen  from  the  foregoing  that  there  are  between  the 
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typical  curves  for  the  unclouded  sky  as  exhibited  in  Fig.  3  and  the 
curves  for  completely  overcast  sky  (Fig.  i)  a  number  of  intermedi- 
ate forms  of  considerable  complexity.  The  presence  of  condensed 
vapor  has  the  effect  of  increasing  the  intensity  of  the  longer  wave- 
lengths of  the  spectrum  so  that 
the  ordinates  of  the  curves  are 
raised  throughout  the  red, 
yellow  and  green.  At  the 
same  time  the  maximum  in 
the  blue  is  developed  and  the 
spectrum  of  light  from  the 
sky  shows  the  phenomenon  of 
selective  reflection  to  a  re- 
markable degree.  Light  from 
sun-illumined  cloud  masses 
exhibits  the  further  modifica- 
tions shown  in  curve  d  of  Fig. 
4  in  which  the  intensities  in 
the  red,  yellow  and  green  reach  their  highest  values.  The  maxi- 
mum in  the  blue  is  in  this  case  still  noticeable  although  by  no 
means  so  marked  as  in  the  case  of  light  from  a  clear  sky  in  the 
presence  of  incipient  mist. 

That  the  brightness  of  the  sky  increases  with  the  gathering  of 
cloud  masses  up  to  the  point  where  sunlight  is  completely  shut  out 
and  the  sky  becomes  thickly  overcast  is  clearly  shown  by  means 
of  the  results  graphically  recorded  in  Fig.  8.  The  readings  from 
which  this  curve  was  plotted  were  all  made  from  a  single  wave- 
length in  the  red  end  of  the  spectrum.  The  observations  were 
taken  during  the  rapid  gathering  of  clouds  upon  a  showery  day,  the 
initial  condition  being  that  of  a  blue  sky  with  no  visible  mist. 
Measurements  were  made  as  rapidly  as  possible  during  the  interval 
of  ten  minutes  at  the  end  of  which  the  sky  was  completely  and 
heavily  overcast.  The  curve  which  has  time  as  abscissae  counting 
from  the  first  observation  and  intensities  of  the  wave-length  in 
question  (.7  ^),  in  terms  of  that  of  the  acetylene  flame  as  ordinates, 
rises  to  a  well-marked  maximum  after  eight  minutes  and  then  falls 
to  a  value  after  ten  minutes  almost  identical  with  the  value  of  the 
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initial  reading.     The  maximum  corresponded  as  nearly  as  could  be 
observed  to  the  sudden  exclusion  of  direct  sunlight  from  the  masses 

of  cloud  under  observation 
and  the  curve  seems  to  indi- 
cate that  up  to  the  point  where 
this  occurred  brightness  in- 
creased rapidly  as  the  mist 
gathered.  Observations  by 
Basquin  *  and  others  upon  the 
illumination  received  from  the 
sky  under  different  conditions 
are  quite  in  accord  with  the 
indications  given  in  this  curve. 
The  brightest  sky  corresponds 
to  a  cloudy  rather  than  a  clear 
condition  of  the  heavens  but 
after  a  certain  density  of  the  cloud  masses  has  been  attained  the 
illumination  falls  off  in  consequence  of  the  exclusion  of  direct  sun- 
light from  the  visible  surfaces  of  the  clouds. 

In  the  beginning  of  this  paper  I  spoke  of  the  curves  obtained 
from  overcast  skies  as  being  of  a  simple  character  by  which  is  meant 
that  there  is  less  evidence  of  selective  reflection  than  is  the  case  from 
the  open  sky.  The  distribution  of  intensities  is  such  as  to  indicate 
a  composition  of  light  closely  related  to  that  of  radiation  from  the 
carbon  in  the  comparison  flame  although  of  course  of  very  much 
higher  temperature.  Nearly  all  measurements  of  light  from  un- 
clouded skies,  particularly  at  times  when  the  surface  of  the  earth, 
as  well  as  the  upper  air,  are  in  sunlight  show  on  the  other  hand  more 
or  less  well  defined  selectivity.  A  comparison  of  such  curves  with 
a  curve  for  light  from  the  sky  taken  upon  a  clear  morning  before 
sunrise  —  what  I  have  called  the  typical  dawn  curve  in  the  first  of 
my  previous  papers  already  cited  —  shows  a  more  or  less  compli- 
cated relationship  like  that  represented  in  the  curve  s  in  Fig.  9. 
I  have  discussed  the  nature  of  these  ratio  curves  in  the  paper  in 
question.  When,  however,  we  plot  similar  curves  for  the  ratios  of 
overcast  or  mist-filled  skies  to  the  typical   dawn  curve,  in  cases 

*  Basquin,  Illuminatiog  Engineer  (N.  Y.),  Vol.  I.,  p.  829. 
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where  the  fog  is  of  sufficient  density  to  prevent  the  direct  illumina- 
tion of  the  surface  of  the  ground,  we  get  curves  of  the  form  c  and 
m  in  Fig.  9  which  are  quite  free  from  the  irregularities  presented  by 
the  curve  s.  This  would  seem  to  indicate  that  the  selectivity  of 
ordinary  sky-light  is  due  on  the  one  had  to  light  reflected  from  the 
surface  of  the  ground  to  the  atmosphere  and  on  the  other  to  select- 
ive reflection  which  takes  place  in  the  upper  layers  of  the  atmos- 
phere and  which  is  cut  out  by  the  intervention  of  a  layer  of  mist  or 
cloud  so  that  the  light  from  overcast  skies  is  more  directly  related 
to  sunlight  although  modified  as  to  the  distribution  of  intensities  than 
is  the  light  commonly  observed  in  the  case  of  unclouded  skies. 
Physical  Laboratory  of  Cornell  University, 
June,  1908. 
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NOTE  ON  THE  SHORT-CIRCUITING  OF  CADMIUM 

CELLS. 

By  p.  I.  Wold. 

SEVERAL  of  the  cadmium  cells  mentioned  in  a  previous  article  * 
have  been  short-circuited  for  different  lengths  of  time  to  find 
the  rate  at  which  they  recover  and  some  of  the  recovery  curves  ob- 
tained are  given  below. 

The  period  of  short-circuiting  varied  from  15  seconds  to  10 
minutes  and  the  general  shape  of  the  curves  is  the  same  in  all  cases 
and  agrees  very  well  with  the  curves  obtained  in  a  similar  manner 
by  F.  E.  Smith  *  and  by  Bamett.* 

The  internal  resistance  of  these  cells  is  about  i,SCXD  ohms  so  that 
the  actual  current  while  short-circuited  is  rather  small.  The  devi- 
ation from  the  normal  value  was  obtained  by  a  Wolff  potentiometer, 
the  short-circuited  cell  being  placed  in  opposition  to  a  cell  taken  as 
a  standard  and  their  differences  read.  Deviations  from  the  normal 
were  read  directly  to  i/icxD,ooo  of  a  volt  and  were  estimated,  with 
a  fair  degree  of  accuracy,  to  i/io  of  this. 

The  curves  shown  are  typical  curves  out  of  a  large  number. 

Fig.  I  shows  the  close  agreement  between  two  cells,  44  and  45, 
both  short-circuited  for  15  seconds.  The  cell  45  was  short- 
circuited  five  times  for  a  period  of  15  seconds  and  the  recovery 
curves  were  identically  the  same  to  within  the  width  of  a  line. 

Fig.  2  shows  the  effect  of  short-circuiting  cell  44  differen  tlengths 
of  time.  Curve  I  is  for  15  seconds,  curve  2  for  30  seconds,  curve 
3  for  60  seconds,  curve  4  for  2  minutes,  curve  5  for  5  minutes  and 
curve  6  for  10  minutes. 

In  these  two  figures  the  axis  OA  represents  the  normal  value  of 
the  E.M.F.  of  the  cells  and  the  ordinates  represent  the  deviation 
from  this  normal  in  hundred-thousandths  of  a  volt. 

>  Physical  Review,  vol.  27,  p.  329,  1908. 

*  Philosophical  Transactions  of  the  Royal  Society  of  London  ;  Series  A,  vol.  207,  p. 

393- 

*  Physical  Review,  vol.  18,  p.  104,  1904. 
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Fig.  1. 

In  his  work  Barnett  subjected  his  cells  to  a  much  more  severe 
test  than  in  the  present  case,  but  apparently  in  this  case  the  author 
was  able  to  carry  the  measurements  one  place  further  in  the  decimal. 
Even  with  this  increased  accuracy  in  readings,  the  points,  as  plotted, 
fall  remarkably  close  to  the  curve,  indicating,  to  this  degree  of  re- 


Fig.  2. 
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finement,  a  very  definite  and  smooth  recovery  curve  free  from  acci- 
dental disturbances  within  the  cell  itself. 

An  attempt  to  find  a  general  form  of  equation  for  the  recovery 
curve  has,  so  far,  been  unsuccessful.  The  form  suggests  a  logarith- 
mic curve,  but  plotting  logarithms  of  the  deviation  with  time  fails  to 
give  even  an  approximately  straight  line. 

The  general  similarity  of  the  decay  curves  in  the  case  of  phos- 
phorescence, as  shown  by  Professor  Nichols  and  Merritt,  with  these 
recovery  curves  then  suggested  that  these  two  effects  might  obey 
similar  laws  since  in  both  cases  the  curve  is  probably  determined  by 
the  reunion  of  free  particles ;  in  the  one  case  probably  electrons,  in 
the  other  case  the  chemical  ions  which  cause  the  polarization. 

In  their  work  on  phosphorescence  ^  Professors  Nichols  and  Merritt 
have  concluded  that  the  curve  obtained  by  plotting  the  reciprocal 
of  the  square  root  of  the  intensity  with  time  is  a  straight  line  for 
small  values  of  /  and  that  it  changes  to  a  curve  concave  to  the  axis 
of  /  as  /  increases ;  but  for  larger  values  of  /  the  relation  between 
/"*  and  /  is  again  linear,  the  two  straight  portions  merging  into  each 
other. 

The  results  when  the  values  of  D"^  and  /,  as  given  in  the  curves 
of  Fig.  2,  were  plotted  as  shown  in  Fig.  3,  the  numbers  of  these 
curves  corresponding  to  the  numbers  in  Fig.  2.  In  this  case  D 
represents  the  intensity  or  amount  of  polarization,  /.  /.,  the  devia- 
tion of  the  cell  from  normal  E.M.F.  The  curves  agree  in  form 
surprisingly  well  with  the  corresponding  curves  shown  by  Pro- 
fessors Nichols  and  Merritt. 

Because  of  the  difficulties  in  obtaining  readings  in  the  very  first 
part  of  the  recovery  it  cannot  be  said  at  present  that  the  first  part 
of  the  above  curves  would  also  be  straight  lines  with  a  different 
slope.  Probably  the  shape  of  this  curve  is  due  to  the  fact  that 
there  are  two,  or  more,  effects  giving  or  intensifying  the  polarization 
from  which  the  cell  must  recover,  and  these  individual  recoveries 
are  of  different  velocities.  It  may  be  that  one  phase  of  the  recovery 
is  brought  about  by  the  diffusion  of  ions,  which  at  first  are  concen- 
trated close  to  a  separating  surface  in  the  cell,  and  the  other  part  of 
the  recovery  is  due  to  the  reunion  of  these  ions.  At  first  probably 
»  Physical  Review,  vol.  22,  p.  279,  1906 ;  vol.  23,  p.  37,  1905. 
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the  diiTusion  effect  would  be  the  predominant  one,  following  one 
law,  but  later  the  chief  effect  would  be  that  due  to  reunion  of  ions, 
which  would  follow  a  different  law,  similar  perhaps  to  the  law  gov- 
erning the  reunion  of  electrons  in  the  case  of  phosphorescence. 


It  may  be,  on  the  other  hand,  that  we  have  simply  the  case  of  an 
excess  of  ions,  producing  polarization,  at  different  points  ;  as  SO^ 
ions  near  the  cadmium  and  cadmium  ions  near  or  in  the  HgSO^ 
and  that  the  rate  of  recovery  from  these  effects  is  different. 

The  author  hopes  to  be  able  to  do  more  work  on  this  matter 

with  the  idea  of  determining  with  which  case  we  have  to  deal. 

Physical  Laboratory, 
Cornell  University. 
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THE   DISPERSION   OF   ELECTRIC   DOUBLE 
REFRACTION. 

By  T.  H.  Havelock. 

A  RECENT  paper  by  C.  F.  Hagenow/  on  electric  double  re- 
-^^  fraction  in  carbon  bisulphide  suggests  a  comparison  of  the 
experimental  results  with  a  formula  which  the  present  writer  has 
given  connecting  the  dispersion  of  artificial  double  refraction  with 
the  ordinary  dispersion  of  the  isotropic  medium.*  In  this  connec- 
tion the  theory  may  be  indicated  briefly  in  the  following  manner. 

In  any  medium  the  total  electric  displacement  consists  of  two 
parts  :  (i)  the  aethereal  displacement,  measured  by  {^tz)"^  times  the 
electric  force,  (2)  the  material  polarization  of  the  particles  consti- 
tuting the  medium.  The  latter  part  depends  upon  the  effective 
electric  force  acting  upon  the  particles,  and  this  in  turn  depends  for 
each  particle  upon  the  character  and  arrangement  of  the  surround- 
ing particles.  We  imagine  an  effective  cavity  to  be  associated  with 
each  particle,  such  that  the  force  on  the  particle  is  the  force  within 
such  a  cavity  in  a  medium  uniformly  polarized  to  the  value  of  the 
material  polarization  vector  at  the  point  in  question.  For  an  iso- 
tropic medium  the  effective  cavity  is  taken  to  be  a  sphere ;  as  is 
well  known,  this  leads  to  the  formula 

where  ;/^  is  the  refractive  index  of  the  medium,  2izlk  is  the  period  of 
the  vibrations,  and  a^,  k^  are  constants  assigned  to  each  type  of 
particle,  the  summation  being  extended  over  the  various  types. 
Suppose  that  the  medium  is  subjected  to  mechanical  stress,  or  to 
the  action  of  an  electric  or  magnetic  field,  so  that  it  becomes  doubly 
refracting  ;  assume  further  that  the  consequent  slight  modification 
of  the  optical  properties  can  be  represented  by  a  change  of  the  effec- 

'  C.  F.  Hagenow,  Physical  Review,  vol.  27,  p.  196,  1908. 
«T.  H.  Havelock,  Proc.  Roy.  Soc.,  A.,  vol.  80,  p.  28,  1907. 
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tive  cavity  from  a  sphere  to  an  ellipsoid.  Let  the  axes  of  the  ellip- 
soid be  in  the  ratios  of  i  +  €j,  i  +  t^  and  1+^3;  also  let  n^,  «,.  n^ 
be  the  principal  refractive  indices  of  the  medium. 

The  components  of  effective  force  within  the  cavity  can  be  evalu- 
ated and  we  obtain,  instead  of  (i),  three  equations  of  the  type 

where 

Hence  from  (i)  and  (2)  we  can  find  expressions  for  the  principal 
indices  in  terms  of  n^,  the  refractive  index  of  the  isotropic  medium 
composed  of  the  same  particles  in  equal  density. 

If  the  strained  medium  behaves  like  a  uniaxial  crystal,  we  have 

2  K«-i)« 
15      «• 

'         '       IS         «o 
Hence  the  dispersion  of  the  double  refraction,  measured  by  the  dif- 
ference of  the  ordinary  and  extraordinary  indices,  is  given  by 

This  formula  connects  the  dispersion  of  the  slight  artificial  double 
refraction  with  the  ordinary  dispersion  of  the  isotropic  medium. 
The  relation  suggested  by  Kerr  as  the  result  of  experiments  was, 
that  the  double  infraction  induced  in  CSj  by  an  electric  field  was  in- 
versely proportional  to  the  square  root  of  the  wave-length,  but  this 
has  been  disproved  by  the  experiments  of  Blackwell,^  and  again  by 
those  of  Hagenow.  In  the  paper  already  quoted,  the  writer  has 
shown  that  the  formula  (3)  agrees  well  with  Blackwell's  results  ;  this 
is  also  the  case  for  the  more  recent  data,  as  is  shown  by  the  following 
table.  The  first  two  columns  give  the  experimental  data  which  are 
taken  from  Hagenow's  paper ;  these  are  the  average  results  of  sets 
of  observations  and  it  is  claimed  that  the  experimental  error  is  small, 

>  H.  L.  Blackwell,  Proc.  Amcr.  Acad.,  vol.  41,  p.  650,  1906.     , 
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except  that  the  value  of  8  for  /  equal  to  600  appears  to  be  abnormally 
low  and  the  value  of  X  equal  to  700  is  also  not  so  reliable.  The 
values  for  n^  given  in  the  third  column  were  obtained  by  the  help 
of  the  table  given  by  Martens/  using  also  a  temperature  correction 
of  —  9  X  io~*  for  each  degree  rise  in  temperature ;  we  obtain  thus 
values  correct  to  three  decimal  places.  The  fourth  column  shows 
the  values  oi  dnj{n^  —  i)*,  which  ought  to  be  constant  by  relation 
(3) ;  omitting  the  values  at  600  and  700  for  the  reasons  stated  above, 
we  have  a  mean  value  of  60.57  for  the  remaining  six  values,  show- 
ing a  maximum  divergence  from  the  mean  of  about  .6  per  eent. 

CS^  at  25°. 


430 
450 
500 
550 
590 
600 
650 
700 


Sobs. 

«0 

116.2 

1.672 

112.5 

1.662 

106.8 

1.643 

102.1 

1.630 

100 

1.623 

97.5 

1.621 

97.1 

1.614 

96.7 

1.610 

ln^{n^-i)* 


60.27 
60.22 
60.75 
60.60 
60.78 
59.68 
60.83 
61.42 


A  preliminary  account  of  investigations  on  the  magnetic  and 
electric  double  refraction  of  nitrobenzene  has  recently  been  pub- 
lished by  Cotton  and  Mouton.*  This  liquid  is  interesting  on  ac- 
count of  the  double  refraction  being  extremely  large  compared  with 
that  of  CSj ;  a  series  of  observations  is  given  showing  the  mag- 
netic double  refraction  at  various  wave-lengths  and  it  is  stated  that 
electric  double  refraction  of  the  same  order  was  obtained.  Owing 
to  the  present  lack  of  more  exact  data  both  for  the  double  refrac- 
tion and  for  the  ordinary  dispersion  of  nitrobenzene  under  similar 
conditions  it  is  not  possible  to  compare  the  formula  given  above 
with  these  results. 

As  a  result  of  their  series  of  experiments  on  magnetic  double 
refraction,  dealing  originally  with  the  Mayorana  effect  in  colloidal 
solutions.  Cotton  and  Mouton  believe  that  the  phenomena  are 
due  to  orientation  of  particles,  and  they  suggest  a  similar  explana- 

*  Martens,  Annalen  der  Physik,  vol.  6,  p.  632,  1901. 

*  Cotton  and  Mouton,  Comptes  Rendus,  t.  147,  p.  193,  1908. 
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tion  for  the  electric  double  refraction  in  nitrobenzene,  namely,  orien- 
tation of  the  molecules.  In  the  theory  sketched  above,  an  essen- 
tial point  is  in  regarding  the  effective  cavity  to  be  changed  from  a 
sphere  to  an  ellipsoid  by  the  impressed  field.  Now  this  may  be 
due  to  an  orientation  of  similar  aeolotropic  particles,  if  we  regard 
the  isotropy  of  the  unstrained  medium  as  an  average  effect  of  ori- 
entation of  the  particles  in  all  possible  directions ;  or  it  may  be  due 
to  a  rearrangement  in  grouping  of  an  assemblage  of  similar  par- 
ticles. In  deducing  the  relation  (3)  given  above,  the  latter  hypoth- 
esis was  used,  and  we  have  seen  that  the  formula  is  supported  by 
the  experimental  data  available  at  present. 

Whether  a  similar  formula  could  be  obtained  on  the  hypothesis 
of  orientation  or  not,  it  seems  desirable  to  have  as  far  as  possible 
parallel  series  of  observations  on  the  dispersion  of  the  artificial 
double  refraction  and  the  ordinary  dispersion  of  the  isotropic  me- 
dium taken  under  similar  conditions,  for  instance  as  regards  tem- 
perature and  purity  of  materials. 

Armstrong  College,  Newcastle-on-Tyne, 
November  6,  1908. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Forty-fifth  Meeting. 

A  JOINT  meeting  of  the  Physical  Society  and  Section  B  of  the  Amer- 
ican Association  for  the  Advancement  of  Science  was  held  in  the 
Physical  Laboratory  of  Johns  Hopkins  University,  Baltimore,  Md.,  De- 
cember 28-31,  1908. 

The  President  of  the  Physical  Society,  Edward  L.  Nichols,  and  the 
Vice-President  of  Section  B,  Karl  E.  Guthe,  presided  at  alternate  sessions. 

At  the  afternoon  session  of  Tuesday,  December  29,  the  retiring  Vice 
President  of  Section  B,  Dayton  C.  Miller,  delivered  an  address  on 
The  Influence  of  the  Material  of  Musical  Instruments  upon  the  Quality 
of  the  Sound  produced. 

At  the  business  meeting  of  the  Physical  Society,  held  Wednesday  after- 
noon, December  30,  1908,  the  following  officers  were  elected  for  the 
year  1909:  Henry  Crew,  President;  W.  F.  Magie,  Vice-President; 
Ernest  Merritt,  Secretary;  J.  S.  Ames,  Treasurer;  J.  C.  McLennan, 
Ernest  F.  Nichols,  Members  of  the  Council. 

The  following  papers  were  presented  : 

Fatigue  of  Metals  Excited  by  Roentgen  Rays.     L.  T.  Moore  and  R. 

E.  C.  GOWDY. 

Errors  in  Magnetic  Testing  of  Ring  Specimens.     M.  G.  Llovd. 

Data  regarding  Recent  Magnetic  Storms.     L.  A.  Bauer. 

Optical  Properties  of  Electrolytic  Films  of  Iron,  Nickel  and  Cobalt. 
C.  A.  Skinner  and  A.  Q.  Tool. 

An  Absolute  Gauge  for  Measuring  High  Hydrostatic  Pressures.  P. 
W.  Bridgman. 

The  Resistance  of  Mercury  as  a  Secondary  Gauge  for  High  Pressures. 
P.  W.  Bridgman. 

Methods  for  Measuring  Compressibilities  at  High  Pressures.  P.  W. 
Bridgman. 

An  Experimental  Determination  of  the  Terminal  Velocity  of  Fall  of 
Small  Spheres  in  Air.     John  Zeleny  and  L.  W.  McKeehan. 
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Note  on  the  Effect  of  the  Phase  of  Harmonics  in  Sound  Waves.  M. 
G.  Lloyd  and  P.  G.  Agnew. 

Magnetic  Double  Refraction  Normal  to  the  Field  in  Liquids.  C.  A. 
Skinner. 

The  Absorption  Spectra  of  Various  Potassium  and  Uranyl  Salts  in 
Solution.     Harry  C.  Jones  and  W.  W.  Strong. 

New  Series  in  the  Spectra  of  Ca,  Sr  and  Ba.     F.  A.  Saunders. 

Ionization  in  Closed  Vessels.     W.  W.  Strong. 

Velocity  of  the  Negative  Ions  Produced  by  Ultra-violet  Rays  in  Various 
Gases  at  Different  Pressures  and  Temperatures.     Alois  F.  Kovarik. 

Momentum  Effects  in  the  Electrical  Discharge.     F.  E.  Nipher. 

Electrical  Stimulation  of  Plant  Growth.     Amon  B.  Plowman. 

Note  on  the  Kathode  Equilibrium  of  the  Weston  Cell.     F.  A.  Wolff. 

The  Theory  of  Coupled  Circuits.     Louis  Cohen. 

Photographic  Registration  of  Sounds.     Dayton  C.  Miller. 

The  Effect  of  the  Magnetic  Impurities  in  the  Copper  Coils  of  Moving 
Coil  Galvanometers  upon  their  Sensitiveness,  Hysteresis  and  Zero  Shift. 
Anthony  Zeleny. 

The  Three  Tem[>erature  Coefficients  of  the  Moving  Coil  Galvanometer 
and  their  Relation  to  the  Temperature  Coefficients  of  its  Various  Parts. 
Anthony  Zeleny  and  O.  Hovda. 

A  New  Method  for  the  Absolute  Measurement  of  Resistance.  E.  B. 
Rosa. 

A  Plea  for  Terrestrial  and  Cosmical  Physics.     L.  A.  Bauer. 

The  Ellipticity  of  the  Earth  is  Not  a  Proof  of  a  Former  Liquid  State. 
John  F.  Hayford. 

Atomic  Theories.     L.  T.  More. 

The  Dynamophone.     J.  Burkitt  Webb. 

An  Electrical  Method  for  Determining  the  Amount  of  Moisture  in 
Grain  and  Other  Materials.     Anthony  Zeleny. 

On  the  Extra  Transmission  of  Electric  Waves.     F.  C.  Blake. 

Entladungsstrahlen.     Elizabeth  R.  Laird. 

A  Spectrometer  for  Electromagnetic  Radiation.     A.  D.  Cole. 

A  Method  of  Determining  the  Electrode  Potentials  of  the  Alkali 
Metals.     G.  N.  Lewis  and  C.  A.  Kraus. 

Non-Newtonian  Mechanics  and  the  Principle  of  Relativity.  G.  N. 
Lewis  and  R.  C.  Tolman. 

On  the  Influence  of  Temperature  and  of  Transverse  Magnetization 
upon  the  Electrical  Resistance  of  Bismuth  and  Nickel.     F.  C.  Blake. 

A  New  Form  of  Standard  Resistance.     Edward  B.  Rosa. 

A  Proposed  Modification  of  the  Kirchoif  Method  for  the  Absolute 
Measurement  of  Resistance.     Frank  Wenner. 

An  Instrument  Designed  for  More  Precise  Determination  of  the  Mag- 
netic Declination  at  Sea.     W.  J.  Peters. 
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The  Electric  Conductivity  of  the  Atmosphere  over  the  Pacific  Ocean. 
Paul  R.  Dike. 

The  Ultra  Violet  Absorption  and  Fluorescence  and  the  Complete  Bal- 
mer  Series  of  Sodium  Vapor.     R.  W.  Wood. 

Results  of  Recent  Intercomparisons  of  Magnetic  Standards  by  the 
Carnegie  Institution.     J.  A.  Fleming. 

Some  Optical  Effects  of  Changes  in  Ether  Density.  (By  title. )  Chas. 
F.  Brush. 

The  Thermodynamics  of  Saturated  Vapors.    (By  title. )    J.  E.  Siebel. 

The  Heat  Balance  in  Thermoelectric  Batteries.  (By  title.)  J.  E. 
Siebel. 

The  Lumeter,  a  Practical  Measure  of  General  Luminosity.  (By  title.) 
Henry  E.  Wetherill. 

A  Critical  Review  of  the  Problem  of  Pressure  in  the  Kinetic  Theory  of 
Gases.     L.  d'Auria. 

Arc  and  Spark  Phenomena  in  the  Secondary  of  a  High  Potential 
Transformer.     (By  title.)     E.  S.  Johnnott, 

On  the  Diurnal  Viarations  in  the  Intensity  of  the  Penetrating  Radiation 
Present  at  the  Surface  of  the  Earth.     G.  A.  Cline. 

On  the  Character  of  the  Radiation  from  Potassium.    J.  C.  McLennan, 

The  Action  of  Electrolytes  on  Copper  Colloidal  Solutions.  E.  F. 
Burton. 

The  Upper  Inversion  in  the  Atmosphere.     W.  J.  Humphreys. 

Some  Remarks  on  Solar  Magnetism.     W.  J.  Humphreys. 

Note  on  Thermoluminescence.     Elizabeth  R.  Laird. 

The  society  passed  a  vote  of  thanks  to  the  authorities  of  Johns  Hopkins 
University,  and  especially  to  the  members  of  the  department  of  physics, 
for  the  many  courtesies  extended  to  the  Society  during  the  meeting. 

Adjourned  Thursday,  December  31,  1908,  at  5  P.  M. 

Ernest  Merritt, 

Secretary, 

A  High  Temperature  Regulator.' 
By  H.  M.  Randall. 

THE  variation  in  the  temperature  of  the  oven  is  detected  by  a  ther- 
mo-couple or  a  platinum  thermometer.  The  coil  of  the  galva- 
nometer in  the  potentiometer  or  the  Wheatstone  Bridge  circuit  is  pro- 
vided with  a  light  aluminum  boom,  d.  With  rise  of  temperature  this 
boom  moves  between  two  spring  jaws,  s,  which  open  and  close  upon  one 
another  regularly,  the  movement  being  caused  by  the  rotation  of  the 
cylinder,  C,  provided  with  the  elevations,  p.     C  is  driven  by  a  motor  at 

*  Abstract  of  a  paper  presented  at  the  Evanston  meeting  of  the  Physical  Society, 
November  28,  1908. 


Digitized  by 


Google 


No.  2.] 


THE  AMERICAN  PHYSICAL   SOCIETY, 


M3 


low  speed.  The  platinum  contact  strips,  K^  are  insulated  by  hard 
rubber  blocks  from  the  steel  springs,  j,  and  just  escape  contact  with  each 
other  when  the  boom  is  not  between  them.  The  diameter  of  C  is  such 
that  the  springs,  s^  pinch  the  boom  with  considerable  force  when  it  is 
between  them  in  the  position  shown  in  the  figure,  thus  completing  a  bat; 
tery  circuit  containing  an  electro- magnet ;  this  latter,  responding,  shunts 


Fig.  1. 

part  of  the  heating  current  of  oven.  As  the  oven  cools  the  boom  moves 
from  between  the  jaws  through  its  zero  positions  to  a  second  similar  pair 
of  jaws  on  the  opposite  side,  which  operate  to  open  the  shunt  circuit.  With 
proper  adjustment  no  strain  is  put  upon  the  galvanometer  suspensions 
when  the  jaws  close  upon  the  boom  :  thus  light  suspensions  may  be  used. 
With  this  arrangement  it  has  been  possible  to  maintain  for  hours  tempera- 
tures in  the  neighborhood  of  looo  ®C.  in  the  oven  employed,  without 
any  variation  in  temperature  occurring  which  could  be  detected  by  a 
couple,  a  Siemans  and  Halske  potentiometer  being  used. 

The  Absorption   Spectra  of  Various  Potassium   and  Uranyl 
Salts  in  Solution.^ 
By  Harry  C.    ones  and  W.  W.  Strong. 

THE  methods  used  in  this  work  are  practically  those  described  by 
Jones  and  Anderson  in  publication  number  no  of  the  Carnegie 
Institution  of  Washington. 

Potassium  ferricyanide  in  aqueous  solution  was  found  to  obey  Beer's  law 
for  dilutions  ranging  between  normal  and  1/4096  normal. 

The  limit  of  absorption  was  very  sharp.  Three  weak  bands  at  XI  3220, 
3000  and  2550  were  found. 

Potassium  ferrocyanide  in  aqueous  solution  was  found  to  obey  Beer's  law 
between  concentrations  ^  normal  and  1/128  normal.  Potassium  chro- 
mate  in  water  obeys  Beer's  law  between  the  ranges  of  concentration  2 
normal  and  1/2048  normal,  potassium  dichromate  between  Yi  normal 
and  1/1536  normal. 

^  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Soc  ety, 
December  28-31,  1908. 
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The  uranyl  salts  investigated  have  been  the  nitrate,  sulphate,  acetate, 
chloride  and  bromide.  Beer's  law  was  not  found  to  hold  except  for  dilute 
solutions.  Water,  methyl  and  ethyl  alcohols  have  so  far  been  used  as 
solvents.  The  absorption  is  greater  in  each  case  in  the  more  concen- 
^trated  solutions  (the  amount  of  salt  acting  as  absorbing  agent  being  the 
same)  except  in  the  remarkable  case  of  the  acetate  in  water. 

The  absorption  si)ectra  consist  of  at  most  twelve  bands  in  the  blue 
violet  region,  the  number  of  bands  depending  upon  the  amount  of  uranyl 
salt  in  the  solution.  The  positions  of  the  uranyl  nitrate  bands  are  all 
shifted  towards  the  violet  with  reference  to  the  bands  of  the  other  salts. 
This  does  not  agree  with  the  results  given  by  other  workers.  Keeping 
the  amount  of  salt  the  same  and  diluting  the  solution  did  not  cause  any 
change  in  the  positions  of  the  bands. 

Dehydrating  agents  like  aluminium  chloride  and  calcium  chloride  cause 
the  bands  to  shift  towards  the  red.  It  is  probable  that  hydration  has 
some  influence  on  this  shifting  of  the  bands,  since  uranyl  nitrate  pos- 
sesses much  more  water  of  crystallization  than  any  of  the  other  salts. 

The  wave-lengths  of  the  uranyl  bands  are  different  in  methyl  and  ethyl 
alcohol  solutions  from  what  they  are  in  water.  This  investigation  is  be- 
ing carried  out  with  the  aid  of  a  grant  from  the  Carnegie  Institution  of 
Washington. 

Ionization  in  Closed  Vessels.* 
By  W.  W.  Strong. 

DURING  the  past  summer  work  upon  ionization  in  closed  electro- 
scopes was  continued.  Among  the  electroscopes  used  was  one 
whose  calibration  curve  is  given  on  page  44  of  the  July  Physical  Review. 
The  rate  of  leak  was  found  in  a  cistern  as  described  in  that  article.  The 
leak  September,  1907,  was  slightly  (5  to  10  per  cent.)  less  than  in  July, 
1908,  in  the  same  cistern  under  the  same  conditions.  A  daily  variation 
with  a  maximum  at  noon  was  shown  for  the  electroscopes  in  the  open. 
The  above  would  indicate  that  for  over  a  year  the  natural  ionization  in 
the  electroscope  was  practically  constant. 

Experiments  were  made  to  test  whether  direct  sunlight  affected  the 
ionization  current  within  an  electroscope.  Curved  electrode  electroscopes 
made  of  glass  were  used.  The  glass  was  wrapped  with  fine  wire  so  as  to 
destroy  any  electrical  induction  on  the  gold  leaf  by  external  bodies. 
The  effects  of  air  currents  and  radiometric  action  is  very  great  but  by 
exposing  to  sunlight  for  several  hours  and  then  darkening  the  room  for 
an  hour,  these  difficulties  can  be  partly  surmounted.  The  results  indi- 
cated that  direct  sunlight  does  not  increase  the  rate  of  leak  to  any  con- 
siderable amount. 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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An  Absolute  Gauge  for  Measuring  High  Hydrostatic 

Pressures.^ 

By  p.  W.  Briegman. 

IN  practically  all  forms  of  gauge  for  measuring  high  pressure  the  weight 
is  determined  which  when  acting  on  a  piston  of  known  cross-section 
exactly  balances  the  action  of  pressure  on  the  other  end  of  the  piston. 
This  piston  moves  freely  without  friction  in  an  outer  cylinder,  which  it 
fits  so  accurately  that  the  rate  of  leak  is  very  slow.  The  cylinder  is  sub- 
jected to  pressure  on  the  interior  only,  the  effect  of  which  is  to  increase 
the  inner  diameter  of  the  cylinder  as  the  pressure  increases.  The  piston 
is,  on  the  other  hand,  subjected  to  pressure  on  the  exterior  curved  sur- 
face, and  therefore  loses  in  diameter  with  increasing  pressure.  The 
effect  of  the  simultaneous  swelling  of  the  cylinder  and  contraction  of  the 
piston  is  a  widening  of  the  crack  between  piston  and  cylinder  under  in- 
creasing pressure,  thus  increasing  the  rate  of  leak  and  putting  a  speedy 
limit  to  the  pressure  range  accessible  to  the  instrument.  The  manometer 
of  Amagat  is  probably  the  best  known  form  of  this  gauge.  The  pressure 
limit  of  the  gauge  in  Amagat's  hands  was-  about  3000  kgm.  per  sq.  cm. 
In  the  form  of  high  pressure  gauge  described  in  this  paper,  the  above 
mentioned  source  of  leak  is  obviated  by  such  a  disposition  of  packing 
that  the  cylinder  in  which  the  freely  moving  piston  plays  is  subjected  to 
pressure  on  the  exterior  as  well  as  on  the  interior  surface.  The  effect  of 
the  application  of  pressure  to  the  exterior  of  the  cylinder  is  to  decrease 
the  interior  diameter  with  increasing  pressure,  thus  decreasing  the  width 
of  the  crack  through  which  leak  occurs.  By  properly  varying  the  dispo- 
sition of  the  packing  the  rapidity  of  the  leak  may  be  controlled.  The 
rapidity  of  the  leak  is  further  decreased  in  this  type  of  gauge  by  decreas- 
ing the  dimensions  below  the  customary  values.  The  diameter  of  the 
piston  used  in  this  gauge  was  only  1.6  mm.,  as  against  6  mm.  used  by 
Amagat.  With  this  gauge  pressure  of  6,800  kgm.  persq.  cm.  have  been 
measured  repeatedly  without  perceptible  leak.  Comparison  of  two  such 
gauges  with  each  other  indicates  a  probable  accuracy  of  at  least  one  tenth  per 
cent,  in  the  absolute  pressure  measurement  over  the  entire  pressure  range, 
with  a  sensitiveness  at  the  maximum  of  about  3  kgm.  per  sq.  cm.  The 
correction  which  must  be  applied  for  the  elastic  deformation  of  the  metal 
of  the  gauge  amounts  at  6,800  kgm.  to  only  one  fifteenth  per  cent. 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
Debember  28-31,  1908. 
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The  Resistance  of  Mercury  as  a  Secondary  Gauge  for 
High  Pressures.^ 

By  p.  W.  Bridgman. 

IN  the  preceding  abstract,  an  absolute  gauge  for  hydrostatic  pressures 
up  to  6,800  kgm.  per  sq.  cm.  was  described.  In  practical  use  it  is 
inconvenient,  because  of  its  bulkiness  and  the  time  necessary  to  make  a 
single  measurement.  The  more  common  forms  of  secondary  gauge  in 
ordinary  use,  while  undoubtedly  more  convenient,  yet  show  rapidly  in- 
creasing sources  of  error  as  the  pressure  is  pushed  to  values  as  high  as  the 
above.  The  chief  of  these  sources  of  error  is  the  entrance  of  hysteresis 
effects.  Another  convenient  form  of  secondary  gauge  proposed  by  de 
Forest  Palmer  in  1897  employs  the  variation  of  electrical  resistance  of 
mercury.  Measurements  were  made  by  de  Forest  Palmer  to  2,000  kgm. 
with  a  probable  error  of  about  1.6  per  cent,  in  the  pressure  which  might 
be  deduced  from  the  resistance  measurement. 

In  this  paper  the  suitability  of  the  mercury  gauge  has  been  investigated 
over  a  wider  pressure  range  and  with  somewhat  greater  accuracy.  It  was 
found  that  the  gauge  shows  no  hysteresis  and  is  capable  of  giving  the 
pressure  to  6,800  kgm.  with  an  accuracy  of  one  tenth  per  cent.  The 
greatest  source  of  error  in  actual  use  is  the  irregular  action  of  the  glass 
capillary  containing  the  mercury.  The  glass  must  be  seasoned  by  repeated 
subjection  to  pressure  before  its  indications  become  regular.  The  glass 
must  be  reseasoned  if  subjected  to  large  changes  of  temperature.  It  was 
found  that  an  easily  fusible  glass  in  which  the  strains  left  from  drawing 
are  small  gives  the  most  regular  results.  The  glass  employed  was  Jena 
tubing  No.  3880a,  and  it  is  recommended  that  this  tubing  be  used  if  this 
form  of  gauge  should  be  employed  elsewhere.  An  empirical  formula  is 
given  connecting  the  change  of  resistance  in  a  capillary  of  the  above  glass 
with  the  pressure  correctly  to  one  tenth  per  cent,  over  the  pressure  range 
500-6,800  kgm. 

From  the  compressibility  of  the  glass  and  of  the  mercury,  which  will 
be  determined  in  another  paper,  the  change  of  specific  resistance  of  mer- 
cury is  determined  from  the  apparent  change  in  the  above  glass  envelope. 
The  changed  specific  resistance  corrected  for  the  changed  density  is  also 
determined.  Empirical  formulas  are  given  connecting  these  two  resis- 
tances with  the  pressure,  but  no  theoretical  discussion  of  the  significance 
of  this  change  has  been  attempted. 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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Methods  for  Measuring  Compressibilities  at  High  Pressures.* 

By  p.  W.  Bridgman. 

IN  this  paper,  methods  are  described  for  measuring  the  linear  compres- 
sibility of  solids  in  the  form  of  rods  and  the  cubical  compressibility 
of  liquids.  The  pressure  which  went  to  6,500  kgm.  per  sq.  cm.  was  meas- 
ured with  the  mercury  resistance  gauge  described  in  a  preceding  abstract. 
The  motive  in  collecting  the  data  was  merely  the  bearing  that  they  have 
on  the  variation  of  the  specific  resistance  of  mercury.  No  determination 
of  compressibilities  that  might  be  interesting  in  themselves  was  attempted. 

Two  methods  were  used  for  determining  the  linear  compressibility  of 
solids ;  a  comparative  method  for  relatively  highly  compressible  solids 
like  glass,  and  an  absolute  method  for  incompressible  solids  like  steel. 
In  the  first  method  a  tube  of  glass  fits  into  the  comparison  tube  of  steel. 
These  are  kept  permanently  in  contact  at  one  end,  while  at  the  other  end 
there  is  a  ring  sliding  on  the  glass  and  in  contact  with  the  end  of  the 
steel  stube.  Fluid  pressure  is  applied  all  over  both  steel  and  glass,  pro- 
ducing a  displacement  of  the  free  end  of  the  glass  with  respect  to  the 
steel.  This  displacement  is  indicated  by  the  shift  of  the  brass  ring, 
which  can  be  measured  af^er  pressure  is  released.  In  the  second  method, 
the  rod  of  steel  or  other  substance  is  placed  in  a  heavy  cylinder  subjected 
to  pressure  on  the  interior.  The  effect  of  this  interior  pressure  is  to  shorten 
the  steel  rod,  and  to  simultaneously  lengthen  the  cylinder.  The  relative 
change  of  length  of  rod  and  cylinder  is  indicated  by  a  ring  sliding  on  the 
rod  like  the  ring  on  the  glass  above,  while  the  absolute  change  of  length 
of  the  cylinder  is  measured  from  the  outside.  The  difference  of  these 
two  changes  of  length  gives  the  absolute  change  of  length  of  the  steel 
rod.  By  these  methods  the  linear  compressibility  of  two  kinds  of  glass,  of 
aluminum,  and  of  several  grades  of  steel  were  determined.  The  com- 
pressibility of  the  glass  shows  intrinsic  irregularities  of  perhaps  five  per 
cent.  Large  changes  in  the  carbon  content  of  the  steel  were  found  to 
make  very  slight  changes  in  compressibility.  To  test  the  justifiability  of 
the  hypothesis  that  solids  are  equally  compressible  in  all  directions,  two 
specimens  of  boiler  plate  were  measured,  cut  along  and  perpendicular  to 
the  direction  of  rolling.  There  was  no  difference  of  more  than  the 
experimental  error,  one  tenth  per  cent. 

The  method  for  measuring  the  compressibility  of  mercury  was  a  revival 
of  an  old  method  due  to  Perkins  in  1826  and  since  allowed  to  fall  into 
disuse  because  of  the  inaccurate  results  obtained  by  him.  A  freely  mov- 
ing piston  is  forced  by  fluid  pressure  into  a  steel  cylinder  containing  the 
mercury.     The  displacement  of  the  piston  is  indicated  by  a  sliding  ring 

'  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
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similar  to  the  above.  From  this  displacement  of  the  piston  and  the 
compressibility  of  the  containing  vessel  of  steel,  which  may  be  determined 
as  above,  it  is  easy  to  calculate  the  volume  compressibility  of  the  mer- 
cury. The  probable  error  of  this  determination  was  estimated  to  be 
about  one  third  per  cent.  The  change  of  compressibility  with  pressure  is 
less  according  to  this  determination  than  that  found  by  Camazzi,  who 
worked  to  3,000  kgm.,  and  who  made  the  only  previous  determination 
with  which  these  results  can  be  compared  at  more  than  500  kgm. 

The  values  found  for  the  cubic  compressibility  were  as  follows : 

Jena  glass  No.  3880a,  2.17  x  10"^  kgm. /cm.*, 

Jena  glass  No.  3883,  2.23  x  io~^  kgm. /cm.*, 

Steel  varied  from  5.16  x  io~'  to  5.30  x  io~'  kgm. /cm., 

Aluminum  rod,  11.7  X  io~'  kgm. /cm.*. 

Volume  of  mercury  is  connected  with  pressure  by  the  relation  : 

where 

log  tf  =  4.5681  —  10, 

log  (  ~  ^)  =  9-2977  —  20. 

The  Jefferson  Physical  Laboratory, 
Cambridge,  Mass. 

Fatigue  of  Metals  Excited  by  Roentgen  Rays.* 
By  Louis  T.  More  and  R.  E.  C.  Gowdy. 

THE  work  is  a  continuation  of  the  results  previously  obtained  in  the 
same  subject  (Phil.  Mag.,  1907,  and  Chicago  meeting  of  the 
American  Association  for  the  Advancement  of  Science).  A  new 
method  has  been  devised  for  measuring  the  secondary  radiation  given  off 
by  metals  bombarded  by  X-rays.  Previous  results  have  been  confirmed 
and  extended. 

To  account  for  the  secondary  radiation.  Professor  J.  J.  Thomson  has 
advanced  the  theory  that  the  X-rays  effect  a  disintegration  of  the  atomic 
structure  of  the  metal  and  permit  the  expulsion  of  charged  corpuscles. 
Our  experiments  make  this  theory  doubtful.  Iron,  lead  and  copper 
plates  with  pure  surfaces  were  used  and  then  the  plates  were  coated  with 
thin  films  of  the  lower  oxides  of  the  metal  and  again  with  films  of  the 
higher  oxides.  The  effect  of  this  successive  oxidation  on  the  fatigue 
seems  to  show  that  chemical  changes  of  the  surface  produced  by  the 
X-rays  with  the  consequent  changes  of  surface  electrified  double  layers 
will  account  for  the  phenomena  observed. 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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A  Method  of  Determining  the  Electrode  Potentials 
OF  THE  Alkali  Metals.^ 

By  Gilbert  N.  Lewis  and  Charles  A.  Kraus. 

THE  electrode  potentials  of  the  metals  of  the  alkalies  and  the  alkaline 
earths,  notwithstanding  their  great  importance,  have  never  been 
determined,  because  of  the  extreme  reactivity  of  these  metals.  The 
method  now  adopted,  which  has  proved  entirely  successful  in  the  case  of 
the  sodium  e  ectrode,  consists  in  measuring  the  electromotive  force  be- 
tween the  metal  and  its  dilute  amalgam  in  mercury  with  an  electrolyte 
consisting  of  a  solution  of  a  salt  of  the  metal  in  question  in  liquid  ethyl- 
amine.  The  electromotive  force  so  obtained  can  readily  be  shown  to  be 
independent  of  the  electrolyte  and  the  solvent  used.  It  is  therefore  the 
same  as  would  be  obtained  if  the  electromotive  force  between  the  metal 
and  amalgam  could  be  measured  in  an  aqueous  solution.  The  potential 
of  the  amalgam  against  a  normal  solution  of  a  salt  of  the  metal  in  water 
may,  with  certain  precautions,  be  measured  directly  against  a  normal 
electrode.  Adding  the  electromotive  force  so  obtained  to  the  electro- 
motive force  between  the  metal  and  amalgam,  gives  directly  the  potential 
of  the  metal  in  a  normal  solution  of  its  ion  in  water,  the  potential  of  the 
normal  electrode  being  taken  as  zero.  In  the  case  of  sodium,  this  method 
has  made  it  possible  to  determine  the  electrode  potential  within  a  few 
tenths  of  a  millivolt.  The  value  obtained  is  about  half  a  volt  higher 
than  that  which  has  been  previously  assumed  for  the  sodium  electrode. 

Ultra- Violet  Absorption  and   Fluorescence  and  the  Com- 
plete  Balmer  Series  of   Sodium  Vapor. ^ 

By  R.  W.  Wood. 

THE  absorption  spectrum  of  dense  sodium  vapor,  contained  in  a  steel 
tube  I  meter  in  length,  provided  with  quartz  windows,  and 
heated  red  hot  in  a  combustion  furnace,  shows  the  lines  of  the  principal 
series  (Balmer  formula)  reversed.  But  seven  lines  of  this  series  have 
been  previously  observed,  the  observations  having  been  confined  to  the 
emission  spectrum. 

Employing  a  small  quartz  spectograph  by  Fuess  (focus  only  15  cm.) 
twenty  four  lines  were  found  and  measured  and  indications  of  the  "  head ' ' 
of  the  series  appeared  in  the  plate  though  it  was  not  resolved  into  lines. 

With  the  large  quartz  spectograph  of  the  Bureau  of  Standards  48  lines 
were  resolved,  bringing  us  within  o.  i  of  an  Angstrom  unit  of  the  theo- 
retical head  of  the  band.     The  largest  number  of  lines  forming  a  Balmer 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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series  ever  observed  in  the  laboratory  is  twelve  in  the  case  of  hydrogen 
(Comu  and  Ames).  Solar  hydrogen  (chromosphere  spectrum)  shows 
29  lines.  The  sodium  series  is  thus  nineteen  ahead  of  any  Balmer  series 
ever  observed,  even  in  celestial  sources.  Higher  resolving  power  would 
doubtless  resolve  more  lines,  and  the  only  limit  appears  to  be  set  by  the 
vapor  density  and  the  power  of  the  spectroscope.  These  ultra-violet 
lines  are  accompanied  on  each  side  by  a  channelled  spectrum,  analogous 
to  the  channelled  spectra  observed  in  the  vicinity  of  the  D  lines, 
which  form  the  first  member  of  the  Balmer  series. 

It  is  in  the  region  of  the  channelled  spectra  that  the  interesting  results 
of  the  fluorescence  of  the  vapor  previously  described  were  found.  An 
attempt  was  accordingly  made  to  ascertain  if  the  ultra-violet  channelled 
spectra  exhibited  the  same  phenomenon.  Such  was  found  to  be  the 
case.  Exciting  the  vapor  with  the  zinc  spark,  a  strong  fluorescence  was 
found  to  be  stimulated  by  the  zinc  triplet  at  wave-length  3344-3302. 
This  triplet  is  in  coincidence  with  the  second  line  of  the  Balmer  series, 
at  the  middle  of  the  accompanying  channelled  spectrum.  A  strong 
fluorescence  banded  spectrum  was  found  extending  from  the  triplet  up  to 
wave-lengh  3630,  strongest  at  wave-length  3612,  decreasing  in  intensity 
on  each  side  of  this  point.  No  fluorescence  appeared  below  the  zinc 
triplet.  Exciting  with  the  zinc  triplet  separated  by  the  spectroscope, 
we  find  no  visible  fluorescence.  Exciting  with  visible  light  we  find  no 
trace  of  the  ultra-violet  fluorescence,  which  indicates  that  the  effect  is 
not  carried  over  from  one  channelled  spectrum  to  the  other.  Experi- 
ments with  other  sources  of  ultra-violet  light  are  in  progress. 

Non-Newtonian  Mechanics  and  the  Principle  of 
Relativity.^ 

By  Gifford  N.  Lewis  and  Richard  C.  Tolman. 

THE  laws  of  Non-Newtonian  Mechanics  previously  derived  by  one  of 
the  authors  from  the  fundamental  conservation  laws  and  from  a 
simple  assumption  in  regard  to  the  nature  of  light,  are  identical  with 
those  which  Einstein  has  obtained  from  the  principal  of  relativity  and 
the  laws  of  electro-dynamics.  In  this  paper  it  is  shown  that  the  same 
equations  maybe  obtained  without  the  aid  of  the  electro-magnetic  theory 
from  the  principle  of  relativity  and  the  conservation  laws. 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  the  of  Physical  Society^ 
December  28-31,  1908. 
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Photographic  Registration  of  Sounds.^ 
By  Dayton  C.  Miller. 

FOR  making  large  scale  records,  showing  the  details  accurately,  of 
complex  sound  waves  having  frequencies  ranging  from  500  to 
10,000,  the  phonograph  and  oscillograph  methods  seem  unsuitable. 
The  following  direct  mechanical  method  has  given  satisfactory  results. 

A  small  steel  cylinder,  i  mm.  in  diameter,  is  arranged  to  receive 
angular  motion,  with  a  minimum  of  reaction  effects,  which  is  propor- 
tional to  the  displacement  of  a  sensitive  diaphragm.  A  minute  mirror, 
with  its  plane  in  the  axis  of  the  cylinder,  reflects  light  to  a  special 
camera,  and  at  a  distance  of  30  cm.  gives  waves  15  cm.  wide  which 
show  great  detail.     Results  were  exhibited. 


Note  on  Thermoluminescence.^ 
By  Euzabeth  R.  Laird. 

THEORY  suggests  that  in  the  case  of  thermoluminescent  salts  the 
change  producing  luminescence  goes  on  very  slowly  at  ordinary 
temperatures  and  is  merely  accelerated  by  raising  the  temperature.  An 
additive  method  for  obtaining  the  eflect  of  thermoluminescence  should 
therefore  show  its  existence  at  room  temperatures. 

This  was  tested  by  wrapping  up  photographic  plates  for  different 
periods  of  time  with  the  sensitive  film  towards  some  thermoluminescent 
salt  and  developing  later,  at  the  same  time  heating  the  salt  to  observe 
the  remaining  thermoluminescence. 

The  salts  used  were  a  solid  salt  solution  of  calcium  sulphate  and  manga- 
nese sulphate,  the  same  with  an  undetermined  admixture  due  to  which 
the  thermoluminescence  was  brighter  in  patches  and  was  restored  in  these 
patches  after  heating  by  exposure  to  light,  and  calcium  sulphide  which 
had  been  kept  in  the  dark  some  time  after  all  visible  luminescence  had 
ceased. 

The  results  showed  that  in  each  case  the  photographic  plate  was 
affected,  that  where  the  thermoluminescence  was  strong  as  was  the  case 
with  the  second  and  third  salts  used  if  they  had  been  exposed  in  strong 
daylight,  the  eff'ect  was  obtained  in  less  than  two  weeks  or  even  in  a  few 
days,  that  when  the  thermoluminescence  was  faint  as  when  calcium 
sulphide  was  exposed  only  to  dim  light  a  period  of  two  months  was 
required  for  a  marked  effect,  and  that  this  was  also  the  case  with  the 
first  named  salt  solution.  Where  the  effect  was  uneven  the  greater 
effect  corresponded  to  the  portions  showing  brighter  thermoluminescence. 

>  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
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Control  plates  used  with  salt  that  had  not  been  exposed  to  light  after 
heating  showed  in  the  same  time  no  effect. 

As  far  as  these  experiments  go  they  indicate  that  there  is  a  slow  change 
in  thermoluminescent  salts,  probably  similar  to  that  occurring  at  the 
higher  temperature,  and  that  the  total  change  depends  on  the  original 
intensity,  the  time  and  the  nature  of  the  salt. 

New  Series  in  the  Spectra  of  Ca,  Sr  and  Ba.* 

By  F.  a.  Saunders. 

PHOTOGRAPHS  with  a  quartz  spectrograph  show  a  new  series  of 
lines  in  the  arc  spectrum  of  Ca  whose  approximate  wave-lengths 
are  2399,  2276,  2201,  2151,  2118,  2098,  2084,  2073.  A  similar  series 
is  present  in  Sr,  also  at  X  2428,  2354,  2309,  2277,  2254,  2239,  2228. 
In  Ba  the  following  lines  seem  to  form  the  beginning  of  a  similar  series, 
though  it  fades  off  very  rapidly:  3071,  2597,  2380.  The  Ca  and  Sr 
series  are  well  represented  by  formulae  only  slightly  modified  from  the 
Ritz  type,  involving  four  constants,  but  no  suitable  3-constant  formula 
has  been  found  for  them. 

The  series  of  pairs  in  the  Sr  and  Ba  spectra  whose  existence  was  first 
announced  by  Rydberg  from  the  Zeeman  effect,  and  whose  formulae  are 
given  by  Ritz '  calculated  from  the  first  two  members  of  each  subordinate 
series  and  the  first  principal  series  member,  have  been  extended  by  the 
additions  of  the  following  new  pairs : 


Sr.   1st  subordinate  series,  1/A  =  50122  and  50900 
2d  subordinate  series,  l/>.  —  48717  and  49508 

Ba.   1st  subordinate  series,  l/A  ~  44719.1  ] 

44771.- 
46410.- 


9.1.  . 

1.4  \  and  48676  \ 
0.4  J  50326) 


2d  subordinate  series,  1/?.  —  43727.5  \       ^  48027  \ 
45418.6/  ^^  / 

A  three- constant  formula  of  the  Rydberg  type  suitably  represents  these 
series,  as  enlarged,  but  the  one  given  by  Ritz  fails  to  do  so. 

>  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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Introduction. 

Concerning  Part  I,  —  Carborundum  had  been  found  by  General 
Dunwoody^  to  be  capable  of  acting  as  a  receiver  for  the  electric 
waves  of  wireless  telegraphy.  Having  learned  of  this  property  of 
carborundum,  the  writer  thought  that  a  further  study  of  the  elec- 
trical behavior  of  this  substance  would  be  interesting.  In  the 
course  of  this  study,  an  accouift  of  which  has  been  published  in  the 
Physical  Review' for  July,  1907,  it  was  discovered  that  when  a 
piece  of  carborundum  is  placed  in  a  clamp  between  contact  elec- 
trodes, the  hetereogeneous  conductor  consisting  of  the  carborundum 
and  the  electrodes  permits  the  passage  of  a  greater  current  in  one 
direction  than  in  the  reverse  direction  under  the  same  applied  volt- 
age. The  device  can  be  used  as  a  rectifier  for  small  alternating 
currents  and  oscillations.  The  phenomenon  is  very  striking.  For 
example,  with  one  specimen  under  an  electromotive  force  of  30 
volts  the  current  in  one  direction  is  4,000  times  as  great  as  the  cur- 
rent in  the  opposite  direction  under  the  same  external  voltage. 

Although  the  rectified  current  is  not  large  (in  the  case  just  cited,  3 
milliamperes  in  one  direction  and  .00075  milliampere  in  the  opposite 
direction)  such  a  rectifier,  being  constructed  entirely  of  solid  parts, 
possesses  sufficient  permanence  and  constancy  to  permit  of  many 
useful  applications,  where  the  detection  and  measurement  of  small 
alternating  currents  is  required.  As  an  example  of  such  applica- 
tions details  are  given  in  Part  I.  of  the  employment  of  the  rectifier 
in  the  construction  of  an  alternating  current  voltmeter  operable 
with  an  extremely  small  consumption  of  energy.* 

Questions  Arising  in  Connection  with  the  Phenomenon,  —  Many 
questions  of  theoretical  interest  arise  in  connection  with  the  phenom- 
enon. Is  the  action  localized  at  the  surface  of  contact  between  the 
crystal  and  the  metallic  electrode  ?  Is  the  action  due  to  electrolytic 
polarization  ?  Is  the  action  thermoelectric,  conditioned  on  unequal 
heating  of  the  two  electrode  contacts  ?  If  the  phenomenon  is  novel, 
how  is  it  related  to  the  hitherto  studied  properties  of  conductors  ? 

In  the  experiments  on  carborundum  performed  by  the  writer  the 

^  Dunwoody,  U.  S.  Patent,  No.  837,616,  issued  December  4,  1906. 
*  Pierce,  Phys.  Rev.,  Vol.  25,  pp.  31-60,  1907. 
»G.  W.  Pierce.  U.  S.  Patent,  No  879,061. 
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investigation  of  these  questions  met  with  limitations  on  account  of 
the  occurrence  of  the  carborundum  in  discrete  masses  to  which 
electrodes  could  not  be  rigidly  attached ;  so  that  the  conditions 
at  the  electrodes  could  not  be  widely  varied.  However,  by  in- 
creasing the  pressure  of  the  electrodes  against  the  carborundum 
beyond  a  certain  limit,  and  by  cathodically  platinizing  the  surfaces 
of  the  carborundum  at  both  the  contact  areas,  the  rectification 
though  not  entirely  eliminated  was  rendered  very  imperfect ;  that  is 
to  say,  the  ratio  of  the  strength  of  the  current  in  one  direction  to 
that  in  the  reverse  direction  approached  unity.  On  the  other  hand, 
platinizing  one  only  of  the  surfaces  of  contact,  while  the  other  sur- 
face was  left  unplatinized,  generally  rendered  the  rectification  more 
nearly  perfect.  This  fact  indicated  that  the  seat  of  the  action  was 
the  area  of  contact  with  the  electrodes,  and  that  the  action  at  the 
two  contacts  were  in  opposition  to  each  other,  so  that  when  the 
action  at  one  of  the  contacts  was  reduced  by  platinizing,  the  rectifi- 
cation at  the  other  contact  appeared  more  pronounced. 

These  characteristics  of  the  phenomenon  are  consistent  with  the 
view  that  the  rectification  is  conditioned  on  the  localization  of  the 
energy  of  the  circuit  at  the  high  resistance  boundary  between  the  two 
different  classes  of  conductors^  the  crystal  and  the  metallic  electrode. 

Now  such  a  localization  of  energy  at  the  boundary  of  the  two 
conductors  is  favorable  to  the  production  of  electrolytic  polarization, 
if  we  may  have  electrolytic  polarization  in  solids,  and  is  also  favor- 
able to  the  production  of  a  thermoelectromotive  force,  either  of 
which  might  result  in  rectification. 

Nevertheless,  in  Part  I.,  a  number  of  experiments  are  described 
which  were  taken  to  indicate  that  neither  electrolysis  nor  thermo- 
electricity plays  an  important  part  in  the  phenomenon. 

On  the  Question  of  Electrolysis,  the  following  experiment,  performed 
since  the  publication  of  Part  I.,  has  a  bearing. 

Experiment  Showing  Permanence  of  the  Carborundum  Rectifier. 
—  In  confirmation  of  the  absence  of  electrolytic  polarization,  a 
durability  test  of  the  rectifier  has  later  been  made  as  follows :  A 
crystal  of  carborundum  enclosed  in  a  glass  tube  with  a  few  drops 
of  oil  *  and  held  between  brass  electrodes,  one  of  which  was  under 

^  The  oil  was  put  in  to  prevent  aco'irvUtion  of  moisture. 
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tension  of  a  spiral  spring,  was  kept  under  almost  daily  observation  ^ 
from  October  23,  1907,  until  March  18, 1908.  During  this  time  more 
than  1,200  measurements  were  made  of  the  direct  current  obtained 
through  the  crystal  under  different  direct  and  alternating  voltages. 
The  rectifier  was  kept  in  a  thermostat  and  subjected  to  various  long 
periods  of  heating  and  cooling  ranging  from  0°  to  80°  C.  Not- 
withstanding the  long  continued  exposure  of  the  crystal  to  large 
changes  of  temperature,  and  notwithstanding  the  frequent  loading 
and  occasional  overloading  of  the  rectifier  with  current,  it  was  found 
at  the  end  of  the  series  that  the  values  of  the  direct  current  obtained 
trom  the  crystal  under  a  given  applied  alternating  voltage  over  a 
range  of  current  from  4  to  400  microamperes  (direct)  and  a  range 
of  voltage  between  1.5  and  6  volts  (alternating)  did  not  differ  from 
the  corresponding  values  at  the  beginning  of  the  series  by  an  amount 
exceeding  the  limit  of  accuracy  of  the  experiment,  which  was  about 
one  third  of  i  per  cent. 

This  experiment  shows  that  if  there  is  any  kind  of  electrolytic 
action,  it  must  be  of  such  a  character  as  not  to  change  the  nature 
of  the  electrodes  or  of  the  crystal. 

On  the  Question  of  a  Possible  Thermoelectric  Origin  of  the  Phe- 
nomenon, —  It  is  apparent  that  the  disposition  of  the  carborundum 
for  the  best  rectification  is  exactly  the  most  favorable  disposition  for 
the  development  of  a  thermoelectric  voltage  at  the  high  resistance 
contact.  This  voltage,  being  always  in  one  direction,  by  superposi- 
tion on  an  alternating  current  through  the  crystal,  might  give  rise 
to  a  unilateral  cycle  through  the  crystal.  In  Part  I.,  several  experi- 
ments are  described  which  present  evidence  adverse  to  this  explana- 
tion, and  the  opinion  is  expressed  that  "  heat  is  practically  a  negli- 
gible factor  in  the  process." 

However,  since  it  is  very  important  to  exclude  the  possibility  of 
bringing  the  experiments  into  consistent  relation  with  thermoelec- 
tricity before  admitting  that  we  are  dealing  with  a  new  phenomenon, 
the  question  of  the  applicability  of  the  thermoelectric  explanation 
is  taken  up  anew  in  the  present  account. 

*  This  series  of  measurements  were  carried  out  by  Mr.  K.  S.  Johnson,  to  whom  the 
writer  wishes  to  express  his  sincere  thanks.  The  experiment  was  finally  discontinued  on 
account  of  the  accidental  melting  of  the  cement  holding  in  the  ends  of  the  tube. 
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Extension  of  the  Experiments  to  Other  Crystals,  —  Prior  to  the 
publication  of  Part  I.,  the  writer  had  found  a  number  of  other  crys- 
tals showing  the  rectifying  property  similar  to  carborundum.  These 
have  now  been  under  investigation  for  a  period  of  more  than  a  year, 
and  though  the  work  is  by  no  means  completed,  it  is  thought  that 
an  account  of  the  experiments  as  far  as  they  have  gone  may  be  of 
interest.  The  present  account  deals  with  the  rectifying  action 
of  anatase,  brookite  and  molybdenite  in  contact  with  a  metallic 
electrode. 

Anatase  and  Brookite. 

Anatase,  —  Anatase,  an  octahedral  crystal  of  oxide  of  titanium 
with  the  chemical  formula  TiOj,  was  found  to  rectify  quite  markedly 
when  placed  in  a  clamp,  under  a  contact  pressure  of  i  to  3  kilo- 
grams. Current-voltage  curves  ^  of  anatase,  with  a  diagram  of  the 
disposition  of  the  crystal  in  the  experiment,  are  given  in  Fig.  i.    The 


'i 

7\ 

y 

r 

y 

/ 

.s 

y 

/ 

/ 

/ 

> 

/ 

1 

/ 

/ 

5-* 

^y 

/ 

-T 

y^ 

_u^ 

— 

— - 

^M 

0      » 
ce 

40         » 

MTIVOLT 

0        « 

s 

'  ^ 

5 — s 

B — » 

0 — s 

Is — ' 

Fig.  1.  —  Current-voltage  curves  for  anatase,  with  direct  current. 

upper  curve  was  obtained  when  the  current  was  through  the  crystal 
in  one  direction,  the  lower  curve  was  with  the  current  in  the  opposite 
direction,  as  indicated  by  the  arrows.  The  contact  pressure  in  this 
experiment  was  2  kilograms.  These  curves  have  the  same  general 
form  as  those  obtained  in  the  experiments  on  carborundum.     By  a 

*  The  current- voltage  curves  were  drawn  in  Part  I.  with  positive  coordinates  when  the 
current  was  in  one  direction  and  negative  coordinates  when  the  current  was  in  the  op- 
posite direction.  In  order  to  economize  space  in  the  present  account,  both  the  positive 
and  negative  currents  are  drawn  in  the  same  codrdinate  quadrant.  This  has  the  advan- 
tage of  permitting  an  easier  comparison. 
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companson  with  Part  I.,  it  is  seen,  however,  that  the  anatase  gives 
much  larger  currents  with  a  small  applied  voltage  than  does  the 
carborundum.  This  characterizes  the  anatase  as  a  much  more  sen- 
sitive rectifier  for  small  alternating  voltages  and  as  a  much  more 
sensitive  detector  for  electric  waves  than  is  the  carborundum. 

BrookUe.  —  This  is  another  crystal  form  of  TiO,,  which  was  found 
to  serve  as  a  rectifier  of  small  alternating  currents  with  about  the 
same  sensitiveness  as  anatase.  Although  a  considerable  amount 
of  time  was  spent  in  experimenting  with  anatase  and  brookite,  these 
substances,  occurring,  like  carborundum,  in  discrete  pieces  to  which 
terminals  could  not  be  attached,  did  not  serve  to  throw  much  light 
on  the  phenomenon.  Numerical  data  in  regard  to  them  are,  there- 
fore, omitted. 

Molybdenite. 

One  of  the  most  sensitive  and  interesting  of  the  rectifiers  thus 
far  investigated  makes  use  of  molybdenite  as  a  member.^  Molyb- 
denite, with  the  chemical  formula  MoS,,  is  a  mineral  occurring  in 
nature  in  the  form  of  tabular  hexagonal  prisms  with  eminent  cleav- 
age parallel  to  the  base  of  the  prism.  The  cleavage  of  the  crystal 
resembles  that  of  mica,  and  thin  sheets  of  the  mineral  several 
square  centimeters  in  area  may  be  scaled  off  from  a  large  crystal 
of  molybdenite.  These  sheets  have  a  metallic  lustre  and  look  not 
unlike  sheets  of  lead  foil.  They  can  be  readily  electroplated  with 
copper,  so  that  connecting  wires  may  be  soldered  to  them.  This 
property,  together  with  the  thinness  of  the  sheets  and  the  ease  with 
which  the  thermoelectric  property  of  the  substance  may  be  studied, 
admirably  adapts  it  to  the  present  experiments. 

The  Molybdenite  Rectifier,  — The  rectifying  action  of  the  molyb- 
denite was  first  obtained  with  a  thin,  flat  specimen  of  the  mineral 
held  between  flat  contact  electrodes  in  a  clamp  of  which  the  two 
jaws  were  insulated  from  one  another.  With  this  form  of  mounting 
the  molybdenite  also  acts  as  a  receiver  for  electric  waves  with  or 
without  a  battery  in  the  local  circuit. 

It  was  soon  found,  however,  that  the  apparatus  was  more  sensitive 

*See  also  G.  W.  Pierce,  *'  A  Simple  Method  of  Measuring  the  Intensity  of  Sound," 
Proc.  Am.  Acad.,  Vol.  43,  p.  377,  February,  1908,  in  which  the  molybdenite  rectifier 
was  employed. 
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as  a  receiver  for  electric  waves  and  as  a  rectifier,  when  one  of  the 

contacts  between  the  molybdenite  and  the   electrode  had  a  high 

resistance.     A  form  of  mounting  in  which  this  is  attained  is  shown 

in  section  in  Fig.  2.      Z  is  a  threaded  brass  post  on  the  top  of  which 

is  placed  a  disc  of  mica  N,     On  top 

of  the  mica  is  a  thin  circular  disc  of 

the  molybdenite  M  with  an  area  of 

about  I  square  centimeter,  leaving  a 

projection   of  the   mica   beyond   the 

periphery    of   the    molybdenite.      A 

hollow   cap  Df  threaded   inside   and 

having  a  conical  hole  at  the  top,  is 

screwed  down  on  the  post  7"  so  as  to 

clamp  the  molybdenite   between  the 

mica  disc  ^  and  the  annular  shoulder 

of  the  cap,  with  the  upper  surface  of 

the  molybdenite  exposed  above.     At 

the   free   surface  of  the  molybdenite 

contact  is  made  with  metallic  rod  P} 

The  rod  P  was  either  supported  unadjustibly  as  in  the  author's 
experiments  on  sound,*  or  it  was  mounted  in  a  manner  to  permit  of 
ready  adjustment  as  is  shown  in  Fig.  3.  The  clamp  K  containing 
the  molybdenite  is  metallically  connected  with  the  binding  post  H 
(Fig.  3).  Another  binding  post  is  attached  to  the  metallic  block 
A,  on  top  of  which  is  supported  a  stout  spring  B.  Through  a  hole 
in  B  provided  with  a  set  screw,  the  rod  P  is  allowed  to  drop  down 
into  contact  with  K,  The  set  screw  is  then  tightened  against  P, 
and  the  final  adjustment  is  made  by  the  slow-motion  screw  5.  The 
apparatus  is  connected  in  circuit  by  means  of  the  binding  posts,  so 

>  The  purpose  of  the  mica  disc  under  the  molybdenite  is  to  confine  the  current  as  much 
as  possible  to  the  upper  layer  of  the  molybdenite.  This  was  done  so  as  not  to  compli- 
cate the  phenomenon  by  conduction  across  the  laminae  of  the  substance,  and  also  so  that 
when  the  detector  is  immersed  in  oil  in  some  of  the  later  experiments,  the  oil  shall  have 
free  play  over  the  conducting  surface  and  over  the  contacts,  and  serve  the  better  to  avoid 
possible  changes  of  temperature  of  the  essential  parts  of  the  apparatus. 

*  In  the  diagrams  of  Fig.  2  and  Fig.  3,  the  lower  end  of  the  rod  P  is  shown  pointed. 
It  is  found,  however,  that  the  end  of  the  rod  P  may  be  blunt  or  even  flat  with  an  area  as 
great  as  4  sq.  mm.  without  much  loss  of  sensitiveness  of  the  instrument  as  a  receiver  for 
electric  waves  or  as  a  rectifier. 

•  Loc.  dt. 


Holder  for  molybdenite. 
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that  the  current  of  the  circuit  is  made  to  enter  the  molybdenite 
through  the  contact>rea  between  P  and  the  molybdenite  and  to  leave 
by  way  of  the  contact  between  the  molybdenite  and  the  cap  C,  or 
the  reverse.     It  is  found  that  a  larger  current  flows  in  one  direction 


Fig.  3.     Mouating  of  molybden  te. 

than  in  the  reverse  direction  for  a  given  applied  elecromotive  force. 

Current-voltage  Characteristic  of  the  Molybdenite  Rectifier.  —  A 
large  number  of  current-voltage  curves  of  the  molybdenite  rectifier 
with  the  form  of  mounting  shown  in  Fig.  3,  have  been  taken  both 
with  direct  and  alternating  applied  voltages.  Two  sets  of  these 
curves,  with  the  corresponding  tables  are  here  given.  In  taking 
the  observations  of  Fig.  4,  Table  I.,  the  rectifier  was  submerged  in 
a  constant  temperature  oil-bath.  The  oil  was  rapidly  stirred  and 
had  free  access  to  the  surface  of  the  molybdenite  and  to  the  point 
contact  between  the  molybdenite  and  the  copper  rod.  A  steady 
voltage  was  applied  to  the  terminals  of  the  rectifier,  and  the  current 
through  the  crystal  was  measured.  The  voltage  was  then  reversed 
and  the  current  again  measured.  The  process  was  repeated  with 
various  values  of  the  voltage.  These  values  thus  obtained  in  the 
oil-bath  were  found  to  be  the  same  as  the  corresponding  values 
when  the  rectifier  was  in  air  at  the  same  temperature.  That  is,  the 
presence  of  the  oil  about  the  rectifying  contact  did  not  materially 
affect  the  process. 

The  values  of  Table  I.  are  plotted  in  the  curves  A  and  B  of  Fig. 
4.  A  is  the  curve  obtained  when  the  current  was  sent  from  the 
copper  to  the  molybdenite,  B  the  corresponding  curve  when  the 
current  was  sent  from  the  molybdenite  to  the  copper.     These  curves 
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Fig.  4.    Current-voltage  curves  of  the  molybdenite  rectifier.     A,  current  from  copper 
to  molybdenite  ;  B^  current  from  molybdenite  to  copper  ;  C,  excess  voltage. 


Table  I. 

Current-  Voltage  Values  for  the  Molybdenite  Rectifier. 


Current  from  Copper  to  Molybdenite. 


Volts. 

Microamperes. 

.0407 

.012 

.0815 

.025 

.122 

.043 

.163 

.068 

.203 

.102 

.244 

.147 

.285 

.202 

.326 

.262 

.363 

.337 

.407 

.415 

.447 

.504 

.488 

.600 

.529 

.700 

.570 

.812 

.651 

1.062 

.710 

1.306 

Current  from  Molybdenite  to  Copper. 
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resemble  those  obtained  in  Part  I  with  carborundum.  The  molyb- 
denite rectifier  is,  however,  seen  to  operate  with  a  much  smaller 
resistance  than  the  carborundum  rectifier.  This  makes  the  molyb- 
denite rectifier  applicable  to  use  with  smaller  voltages  than  the  car- 
borundum, consequently  the  molybdenite  rectifier  is  a  more  sensi- 
tive detector  for  electric  waves  or  for  small  alternating  voltages  than 
the  carborundum  rectifier.  In  fact,  the  molybdenite  rectifier,  with 
selected  specimens  of  molybdenite,  when  used  as  a  detector  for 
electric  waves,  is,  so  far  as  the  writer  can  judge,  equal  in  sensi- 
tiveness with  the  most  sensitive  detectors  heretofore  employed 
in  wireless  telegraphy.  Also  the  molybdenite  rectifier,  giving 
comparative  large  values  of  direct  current  for  small  values  of 
applied  alternating  voltage,  affords  a  sensitive  method  of  measuring 
the  small  alternating  voltages  arising  in  telephony  and  in  experi- 
ments on  sound.  Application  of  the  rectifier  to  the  measurement 
of  sound  has  been  made  in  a  paper  entitled  a  *'  Simple  Method  of 
Measuring  the  Intensity  of  Sound.*'  ^ 

Referring  again  to  Fig.  4,  attention  is  called  to  the  dotted  curve 
C,  This  curve  is  calculated  from  the  curves  A  and  B  by  subtrac- 
tion of  corresponding  abscissas.  The  curve  C,  therefore,  represents 
the  excess  of  voltage  required  to  force  the  current  from  the  molyb- 
denite to  the  copper  above  that  required  to  send  an  equal  current 
in  the  opposite  direction.     The  table  of  values  for  curve  C  follows 

as  Table  II. 

Table  II. 

Excess  of  Voltage  to  Send  Current  from  MoS^  to  Cu  above  that  to  Send 
Current  from  Cuto  MoS^* 


Microamperes. 

Excess  Volts. 

1 1       Microamperes. 

Excess  Volts. 

' 

.05 

.18 

;|                   .70 

1.24 

.10 

.515 

.80 

1.27 

.20 

.89 

.90 

1.32 

.30 

1.01 

1.00 

1.36 

.40 

1.09 

1.10 

1.40 

.50 

1.15 

,                 1.20 

1.45 

.60 

1.19 

1.30 

1.48 

_ 

The  current- voltage  values  for  the  molybdenite  rectifier  differ  for 
different  specimens  and  for  different  adjustments  of  the  same  speci- 

>  Pierce,  Proc.  Am.  Acad.,  Vol.  43,  p.  377,  February,  1908. 
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men.  The  results  of  another  experiment,  in  which  larger  values  of 
the  current  and  voltage  are  employed,  are  given  in  Table  III. 
These  values  were  obtained  with  a  specimen  mounted  somewhat 
differently  from  the  mounting  in  Fig.  3,  in  that,  in  order  to  elimi- 
nate any  possible  uncertainty  from  the  use  of  the  clamp  holder  K 
(Fig.  3),  the  tight-contact  terminal  was  soldered  to  a  copper  plated 
area  on  the  molybdenite,  and  the  sheet  of  molybdenite  with  its 
soldered  terminal  were  held  down  upon  a  block  of  wood  by  means 
of  a  mica  covering  screwed  to  the  block.  A  hole  through  the  mica 
covering  admitted  the  contact  rod  P, 

Table  III. 

Current^  Voltage  Values  for  the  Molybdenite  Rectifier.     Larger  Currents, 


Current  from  Copper  to  Molybdenite. 

1        Current  from  Molybdenite  to  Copper. 

Volts. 

Milliamperes. 

Volts. 

Milliamperes. 

.5 

.20 

2.0 

.02 

.6 

.50 

4.5 

.10 

.77 

1.00 

5.27 

.25 

.84 

1.50 

7.1 

.55 

.92 

2.00 

1               8.6 

1.15 

1.07 

2.50 

10.1 

2.20 

1.15 

3.00 

1.32 

4.00 

1.52 

5.00 

1.70 

6.00 

1.88 

7.00 

II 

2.00 

8.00 

2.15 

9.00 

2.22 

10.00 

l| 

The  values  recorded  in  Table  III.  are  plotted  in  Fig.  5.  By  a 
reference  to  the  curves  or  to  the  table  it  is  seen  that  the  rectification 
at  ID  milliamperes  is  practically  perfect;  the  current  from  the 
molybdenite  at  2.2  volts  is  10  milliamperes,  while  the  current  in  the 
opposite  direction  at  the  same  voltage  is  about  .02  milliampere. 
This  is  a  larger  value  of  the  rectified  current,  at  practically  perfect 
rectification,  than  I  was  able  to  obtain  with  the  carborundum  recti- 
fier. It  was,  therefore,  decided  to  recur  to  the  attempt  to  obtain  an 
oscillographic  record  of  the  phenomenon,  as  had  been  attempted 
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with  only  partial  success  in  the  study  of  carborundum.     The  result 
in  the  present  experiment  is  highly  satisfactory. 
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Fig.  5.     Current -vocnltage  rves  of  molybdenite  recitfier,  with  large  current. 

Oscillographic  Records  of  Rectified  Cyci^. 
Method  of  Obtaining  the  Oscillograms,  —  After  a  prolonged  [at- 
tempt to  use  an  Einthoven  galvanometer,  which  was  found  to  be 
impracticable  on  account  of  the  natural  period  of  the  "  string  "  of 
the  galvanometer,  the  Braun's  tube  oscillograph  was  employed 
A  sketch  of  the  oscillographic  apparatus  is  given  in  Fig.  6.     The 


Fig.  6.     Oscillographic  apparatus. 

Braun's  tube  was  filled  with  hydrogen  and  was  pumped  to  the 
vacuum  at  which  it  has  its  highest  sensitiveness.*  The  high-potential 
current  through  the  tube  was  supplied  by  Professor  Trowbridge's 

'  My  thanks  are  due  to  Mr.  E.  L.  Chaffee  for  very  carefully  pumping  out  the  tube  for 
roe,  and  for  other  valuable  assistance  with  the  oscillographs. 
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40,000-volt  Storage  battery,  which  he  kindly  placed  at  my  disposal. 
Usually  only  20,000  volts  of  the  battery  were  employed,  and  this 
was  controlled  by  means  of  a  running-water  rheostat  in  series  with 
the  battery  and  the  tube. 

The  cathode  beam  in  the  tube  produced  a  luminescent  spot  on 
the  fluorescent  screen  at  0.  The  electromagnets,  through  which 
the  current  to  be  oscillographed  was  sent,  were  placed  above  and 
below  the  Braun*s  tube  at  MM,  Therefore,  the  deflection  of  the 
spot  was  in  a  horizontal  line  perpendicular  to  the  plane  of  the  figure. 
The  photograph  of  the  moving  luminescent  spot  was  taken  on  a 
sheet  of  bromide  paper  carried  by  a  rotating  drum  F,  which  made 
20  revolutions  per  second  about  a  horizontal  axis.  This  drum  was 
enclosed  in  a  light-tight  box  at  the  back  ol  an  improvised  camera.  A 
horizontal  slit  5,  immediately  in  front  of  the  rotating  drum,  shut  off  all 
luminescence  in  the  tube  except  that  in  the  line  of  motion  of  the  spot. 

The  rotating  drum  was  driven  by  a  synchronous  motor  operating 
on  the  60-cycle  alternating  current  mains  of  the  laboratory.  The 
alternating  current  sent  through  the  rectifier  and  the  deflecting 
magnets  was  taken  from  the  same  supply.  The  synchronism  of  the 
drum  with  the  deflections  of  the  luminescent  spot  was  so  perfect 
that  exposures  of  four  minutes  could  be  made,  during  which  time 
the  image  of  the  spot  moved  over  the  sensitive  paper  4,800  times, 
without  any  failure  of  perfect  superposition,  and  without  any  appre- 
ciable fogging  of  the  paper. 

The  deflecting  electromagnets  MM  had  a  combined  resistance  of 
436  ohms,  and  were  provided  with  soft  iron  cores  about  6  milli- 
meters in  diameter.  With  these  deflecting  coils  a  direct  current  of 
1.5  milliamperes  gave  a  deflection  of  i  cm.  on  a  ground  glass  put 
in  the  place  of  the  sensitive  paper  at  the  back  of  the  camera.  A 
calibration  for  different  values  of  direct  current  through  the  coils 
showed  the  deflections  of  the  light  spot  to  be  proportional  to  the 
current,  and  for  the  small  values  of  current  employed  showed  no 
evidence  of  hysteresis  in  the  iron. 

The  Oscillographic  Records.  —  Reproductions  (reduced  to  ^)  of  a 
characteristic  set  of  the  oscillographic  records  obtained  are  given  in 
Plate  I.  Oscillograph  No.  i  was  taken  with  the  molybdenite  rectifier 
adjusted  to  give  practically  perfect  rectification.     No.  2  is  with  the 
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same  rectifier  slightly  out  of  adjustment  (overloaded),  so  that  the 
rectification  is  less  perfect.  No.  3  is  with  the  same  rectifier  further 
out  of  adjustment.  No.  4  is  an  oscillographic  record  with  the 
carborundum  rectifier.  No.  5  is  with  the  rectifier  of  brookite.  In 
taking  No.  2,  the  rectifier  was  submerged  in  oil,  to  test  the  effect 
of  cooling,  which  was  found  to  have  no  effect. 

In  making  these  records  the  following  steps  were  taken :  The 
drum  carrying  the  film  was  set  rotating.  The  high-potential  cur- 
rent was  started  in  the  tube.  The  potential  V  (Fig.  6)  and  the 
contact  of  the  rectifier  were  adjusted  so  that  the  deflection  of  the 
luminescent  spot  on  the  fluorescent  screen  was  wholly  or  chiefly  to 
one  side  of  the  zero  position.  Exposure  of  about  2  minutes  was 
then  made.  This  exposure  gave  the  heavy  line  of  the  oscillo- 
grams. The  switch  at  Zwas  then  thrown  open,  so  that  the  lumin- 
escent spot  came  to  its  zero  position.  The  exposure  in  this  position 
was  made  for  a  shorter  time  of  about  40  seconds.  This  traced  the 
light  straight  line  along  the  center  of  the  picture,  and  gave  the  axis 
of  zero  current.  The  switch  T  was  then  thrown  to  the  position  to 
put  the  resistance  R  in  the  circuit  in  place  of  the  crystal.  The 
resistance  R  had  been  previously  adjusted  so  that  the  amplitude  of 
the  deflection  with  R  in  the  circuit  should  coincide  with  the  ampli- 
tude with  the  crystal  in  the  circuit.  With  the  resistance  R  in  circuit 
an  exposure  of  about  one  minute  was  made,  giving  the  light  sinusoida- 
curve  of  the  picture. 

On  each  picture  the  three  exposures  give,  therefore,  (i)  the  form 
of  the  rectified  cycle  as  a  heavy  line,  (2)  the  position  of  the  axis  of 
zero  current,  as  a  straight  line  through  the  figure,  and  (3)  the 
form  and  position  of  the  alternating-current  cycle  when  an  equiva- 
lent resistance  R  is  substituted  for  the  rectifier.  The  last-named 
cycle  appears  in  the  pictures  as  a  thin-lined  sine  curve.  This  curve 
is  in  phase  with  the  impressed  voltage  immediately  about  the  crys- 
tal, and  is  referred  to  below  as  the  **  voltage-phase  curve." 

In  tracing  all  the  curves,  the  motion  of  the  light  spot  over  the 
paper  is  from  left  to  right ;  the  time  coordinate  is,  therefore,  the 
abscissa  of  the  curves  and  is  drawn  as  usual  from  left  to  right. 

The  scale  drawn  in  ink  at  the  left-hand  margin  of  each  picture 
gives  the  value  of  the  current ;  one  division  being  one  milliampere. 
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A  tabular  description  of  the  conditions  under  which  each  of  the 
records  was  taken  is  contained  in  Table  IV. 

Table  IV. 

Tabular  Description  of  the  Oscillographic  Records  of  Plate  /. 


No. 

Material  of  Rectifier. 

Condition. 

Maximum 
Rectified 
Current  in 

MiUi. 
amperes. 

4.9 

R.M.8. 

Alternating 
Volta. 

Equivalent 
Resistance 
in  Ohms. 

1 

Molybdenite. 

Good  adjustment. 

3.54 

400 

2 

(< 

Out  of  best  adjustment. 
Submerged  in  oil 
and  overloaded. 

4.9 

3.54 

400 

3 

<( 

Out  of  best  adjustment. 
Overloaded. 

4.5 

4 

Carborundum,  platin- 
ized on  one  side. 

Overloaded. 

5.4 

22.0 

6000 

5 

Brookite 

i< 

3.0 

2.22 

992 

A  discussion  of  the  records  follows. 

Oscillogratns  /,  2  and  j,  Molybdenite. — The  pressure  of  the 
copper  rod  ^  against  the  molybdenite  for  good  rectification  is  slight, 
and  is  somewhat  difficult  to  attain.  Some  points  of  the  crystal  are 
more  sensitive  than  others,  and  the  crystal  has  to  be  moved  around 
under  the  copper  contact  and  tried  at  several  different  points  before 
the  best  adjustment  can  be  found.  Oscillogram  No.  i,  Plate  I.^ 
was  taken  with  a  molybdenite  rectifier  in  good  adjustment.  The 
rectification  in  this  case  is  seen  to  be  practically  perfect ;  the  cycle 
through  the  specimen  consists  of  a  nearly  sinusoidal  curve  for  one 
half-period  and  a  practically  straight  line  for  the  other  half-period. 
The  large  current  flows  from  the  copper  to  the  molybdenite,  and 
the  zero  current  from  the  molybdenite  to  the  copper. 

When  the  pressure  on  the  contact  was  increased  until  a  smal 
negative   current  was  permitted  to  pass,  oscillogram  No.  2  was 
obtained.     Increasing  the  pressure  still  more  so  as  to  get  a  larger 
negative  current  gave  oscillogram  No.  3. 

One  object  in  taking  these  oscillograms,  together  with  the  volt- 
age-phase cycle,  was  to  see  if  there  is  any  evidence  of  lag  of  the 
rectified  cycle  with  respect  to  the  voltage-phase  cycle.     No  such 

^  The  end  of  the  copper  rod  in  contact  with  the  molybdenite  had  an  area  of  4  sq.  mm. 
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lag  appears.  On  the  other  hand,  the  rectified  cycles  lead  their  re- 
spective voltage-phase  cycles  at  three  positions : 

The  first  of  these  positions  of  lead  is  at  the  part  of  the  cycle  in 
which  the  rectified  current  approaches  the  zero  axis  after  having 
traversed  the  upper  half  of  the  curve.  This  advance,  which  is 
so  small  as  to  be  just  perceptible  in  the  oscillograms,  amounts  to 
about  1/6000  of  a  second. 

A  second,  somewhat  larger,  lead  of  the  rectified  cycle  ahead  of 
the  voltage-phase  cycle  is  at  the  point  of  rising  from  the  axis  after 
the  rectified  current  has  followed  for  a  half  period  along  the  zero 
axis.     The  lead  here  is  about  1/1500  of  a  second. 

A  third,  very  significant,  lead  of  the  rectified  cycle  is  at  the  nega- 
tive maximum,  as  is  seen  in  the  cases  of  imperfect  rectification,  oscil- 
lograms 2  and  3.     Here  the  lead  is  a  large  fraction  of  a  half  period. 

Oscillogram  No,  4,  Carborundum,  —  Oscillogram  No.  4,  Plate  I., 
was  obtained  with  a  carborundum  rectifier  consisting  of  a  specimen 
of  carborundum,  platinized  on  one  side,  and  held  in  a  clamp  under 
a  contact  pressure  of  3  kg.  When  sufficient  current  was  sent 
through  the  carborundum  to  give  deflections  suitable  for  the  oscillo- 
gram, the  carborundum  was  overloaded,  and  permitted  current  to 
pass  in  the  negative  direction.  The  carborundum  cycle  differs 
from  the  molybdenite  cycle  in  the  absence  of  lead  at  the  negative 
maximum  and  at  the  point  of  rising  from  the  zero  axis.  This 
anomaly  in  the  case  of  the  carborundum  rectifier  is  seen  later  to  be 
the  effect  of  its  high  resistance. 

Oscillogram  No,  5,  Brookite,  —  The  form  of  the  cycle  obtained  in 
this  case  is  intermediate  between  the  carborundum  cycle  and  the 
cycle  of  oscillogram  No.  3.  This  is  consistent  with  the  value  of  its 
resistance. 

In  order  to  investigate  the  meaning  of  the  lead  of  the  rectified 
cycles  in  the  several  cases  a  further  examination  of  the  oscillograms 
is  made  with  the  aid  of  the  theory  of  alternating  currents. 

Examination  of  the  Oscillograms  with  the  Aid  of  the 

Theory  of  Alternating  Currents. 
The   so-called  "  voltage-phase  cycle "  gives  the  instantaneous 
values  of  the  current  through  the  deflecting  coils  and  a  resistance 
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chosen  to  make  the  amplitude  of  this  current  the  same  as  the  ampli- 
tude of  one  loop  of  the  current  through  the  rectifier,  under  the  same 
applied  voltage.  Although  the  current  of  the  voltage-phase  cycle 
lags  behind  the  externally  applied  voltage  by  an  amount  depending 
on  the  relation  of  the  self-inductance  of  the  deflecting  coils  to  the 
resistance  of  the  circuit,  the  current  is  nevertheless  in  phase  with  the 
voltage  immediately  about  the  substituted  resistance ;  for  the  volt- 
age about  a  resistance  is  in  phase  with  the  current  through  it.  Now 
by  throwing  the  switch  T  of  Fig.  6  we  put  the  rectifier  in  the  circuit 
in  the  place  of  the  resistance.  If  the  rectifier,  when  current  tra- 
verses it,  introduces  into  the  circuit  electromotive  forces  out  of  phase 
with  the  current  through  it,  we  ought  to  get  a  shift  of  phase  of  the 
cycle.  We  can  easily  see,  for  example,  that  if  the  rectifier  contained 
capacity  or  inductance,  such  a  shift  would  occur.  Also,  if  the 
action  of  the  rectifier  were  one  of  electrolytic  polarization,  the  back 
E.M.F.  of  polarization  would  be  approximately  determined  at  any 
part  of  the  cycle  by  a  time  integral  of  the  current,  and  would  intro- 
duce a  shift  of  phase  resembling  that  introduced  by  a  capacity.^ 

Also,  if  the  action  of  the  rectifier  were  due  to  thermoelectricity, 
we  should  expect  the  thermal  electromotive  forces  developed  to  be 
of  the  form 
(i)  z^ajprdt 

due  to  the  Joulean  heat  at  the  high  resistance,  and  of  the  form 

(2)  ±bjidt 

due  to  the  Peltier  effect  at  the  junctions.  To  these  terms  we 
should  have  to  add  also  terms  taking  account  of  conduction  of 
heat  from  the  junctions.  The  term  for  the  conduction  of  heat 
would  be  difficult  to  assign  definite  values,  but  they  would  be  func- 
tions of  the  rise  of  temperature  of  the  junctions,  and  may  be  writ- 
ten in  the  general  form 

(3)  F{Si*rdt,     j'idt). 

The  terms  (i),  (2)  and  (3),  when  put  into  the  differential  equation 
for  the  current  through  the  circuit  and  integrated  (if  possible),  would 

*  B.  O.  Pierce,  Newtonian  Potential  Function,  p.  323,  Boston,  1902, 
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give  in  the  result  a  shift  of  phase  of  the  current  with  respect  to  the 
voltage-phase  cycle. 

Let  us,  therefore,  attempt  to  determine  whether  there  are  any 
phase  differences  between  the  rectified  cycle  and  the  voltage-phase 
cycle  that  are  not  accounted  for  by  the  conditions  existing  in  the 
oscillographic  apparatus.  In  doing  this  we  shall  make  use  of  the 
current-voltage  characteristic  of  the  molybdenite  rectifier,  as  ob- 
tained with  the  current  and  voltage  in  the  steady  state,  and  recorded 
in  Table  III.  and  Fig.  5.  This  table  of  data  was  obtained  with  the 
same  molybdenite  rectifier  in  practically  the  same  adjustment  as  in 
the  oscillograms  i  and  2  of  Plate  I. 

Let  us  .derive  first  the  numerical  equation  for  the  **  voltage- 
phase"  curve.  In  the  case  of  oscillogram  No.  i,  an  ohmic  resist- 
ance of  400  ohms  was  in  series  with  the  deflecting  coils,  which  had 
a  resistance  of  436  ohms,  making  a  total  resistance  of  836  ohms. 
Let  the  inductance  of  the  coils  be  Z.  The  value  of  Z  can  be  cal- 
culated from  the  voltage  and  current  of  the  cycle.  The  R.M.S. 
voltage  impressed  on  the  circuit  was  3.54  volts;  the  maximum 
voltage  was  therefore  5.00  volts.  The  maximum  current  taken 
from  oscillogram  No.  i  was  4.9  x  io~^  amperes,  whence  we  have 

Therefore 

(1)  Zai=  584, 

(2)  tan-^  33-6  =  ^^1  =  3 5^ 

and  the  equation  for  the  current  i^  of  the  voltage-phase  cycle  be- 
comes 

('i\  i.  =±=    ^-  —  sin  (tot  —  35  °). 

^^^  '      v/836^  +  584'       ^  ^     ^ 

From  this  equation  the  values  obtained  in  Table  V.  were  computed, 
and  from  these  values  three  half-periods  of  the  voltage-phase  cycle 
are  plotted  as  the  sinusoidal  curve  S  of  Fig.  7. 

The  computations  when  the  rectifier  is  put  in  place  of  the  400 
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Table  V. 

The  Voltage- Phase  Cycle. 


Degrees. 

Current  in 
MilUamperes. 

me 
Degrees. 

Current  in 
MiUiamperes. 

35 

0                      1 

135 

4.82 

55 

1.67 

155 

4.23 

75 

3.14 

175 

3.14 

95 

4.23 

195 

1.67 

115 

4.82 

215 

0 

125 

4.90              1 

Fig.  7.     Rectified  cycle  computed  from  the  current-voltage  values  of  Fig.  5. 

ohm  resistance  can  be  made  only  approximately.     The  diflferential 
equation  for  the  current  i^  through  the  circuit  in  this  case  is 


(4) 


£  sin  ctf/  —  ^^  =  R^  i^  +  L 


dr 


in  which  e^  is  the  drop  of  voltage  about  the  rectifier,  Eis  5.0  volts, 
and  R^  the  resistance  of  the  deflecting  coils  =  436  ohms.  The  drop 
in  voltage  e^  about  the  rectifier  is  a  function  of  the  current.  This 
function  is  the  equation  of  the  current-voltage  curve  of  Fig.  5.  It 
is  difficult  to  obtain  an  exact  analytical  expression  for  this  function. 
But  for  values  of  current  between  i  and  6  milliamperes,  when  the 
current  is  from  copper  to  molybdenite,  e^  is  approximately  a  linear 
function  of  the  current,  with  the  equation 

(5)  ^^  =  ^  -f  r?*,  in  which  q  =  .60  volt,  r  =  183  ohms. 

With  this  approximation,  equation  (4)  becomes 


(6) 


£  sin  ctf/  —  ^  =  (r  +  R^i^  -h  L 


~df 
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Integration  of  this  equation  gives 
E  .     i 


Uo 


(7) 

1 

-R,  +  r' 

in  which 

f  is  a  constant  of  integration. 

If  we  substitute  known 

values  in 

this  equation  ;  namely, 

r  +  /e^=  183  +  436  = 

=  619, 

(8) 

Z«»=584. 
E=  5.0. 
^  =  .60, 

we  have 

(9)     i^  =z  5.87  X  lO"*  sin  (ft)/—  43^.3)  +  ce-^'^*  —  .97  x  lO"*. 

For  the  determination  of  the  constant  c  we  have  the  relation  i^  =  o 

when  E  sin  cDt  =  ^.     This  gives  c  =  5.1. 

From  equation  (9),  values  for  the  current  in  the  upper  loop  of 

the  rectified  cycle  for  various  values  of  wt  were  computed,  and  are 

given  in  Table  VI. 

Table  VI. 

Computed  Values  of  the  Rectified  Cycle.     Upper  Loop. 


Degrees. 

Current  in 
MUliamperea. 

Degrees. 

Current  in 
MiUiamperea. 

0 

0 

130 

5.26 

20 

.32 

140 

5.20 

40 

1.17 

160 

4.50 

60 

2.45 

180 

3.15 

80 

3.61 

200 

1.40 

100 

4.75 

213 

0 

120 

5.21 

The  lower  loop  of  the  rectified  cycle  was  obtained  in  a  similar 
manner.  In  this  case  the  drop  in  potential  about  the  rectifier  was 
obtained  from  the  curve  of  current  from  molybdenite  to  copper  of 
Fig.  5.  The  equation  to  this  curve,  within  the  limits  employed  in 
the  calculations,  is  approximately 
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(10)  ^^  =  ^j  +  r^i^,  in  which  q^  =  3.8  volts,  and  r^  —  6470  ohms. 

These  values  substituted  in  an  equation  of  the  form  of  equation  (7) 
give,  since  the  exponential  term  was  found  to  be  negligible, 

(i  i)  — /j  =  ,y2  X  lO"'  sin  (ft)/  —  4.8)  —  .55  X  lO"^. 

Computations  from  this  equation  give  the  values  of  current  recorded 

in  Table  VII. 

Table  VII. 

Computed  Values  of  the  Rectified  Cycle,     Lower  Loop, 


Degrees. 

Current  in 
Milliamperes. 

mt 
Degrees. 

Current  in 
Milliamperes. 

220 

0.00 

280 

.16 

240 

.07 

300 

.07 

260 

.16 

320 

.00 

270 

.17 

The  computed  values  of  Tables  VI.  and  VII.  are  plotted  as  the 
continuous  curve  R  of  Fig.  7,  along  with  the  voltage-phase  curve 
which  is  the  dotted  sine  curve  S. 

The  data  used  in  the  computations  are  entirely  independent  of 
the  oscillograms,  except  that  the  amplitude  of  the  voltage-phase 
cycle  was  taken  from  oscillogram  No.  i  or  No.  2,  and  this  value 
was  used  in  determining  the  self-inductance  of  the  circuit. 

The  agreement  of  the  diagram  of  Fig.  7  with  the  oscillograms 
No.  I  and  2  of  Plate  I.  is  very  striking,  as  regards  both  the  form  and 
the  absolute  value  of  the  curves.  The  agreement  with  oscillogram 
No.  2  is  a  little  better  than  with  No.  i,  and  is  within  the  limit  of  error 
of  the  measurement  of  the  photograph.  No  departure  in  amplitude 
or  in  phase  exists  between  the  rectified  cycle  and  the  voltage-phase 
cycle  that  is  not  accounted  for  by  the  inductance  and  resistance  of 
the  oscillographic  apparatus  or  by  the  current-voltage  curves  of  the 
rectifier  with  steady  currents. 

This  means  that  if  there  are  any  terms,  contingent  upon  heating 
or  other  effects  which  involves  an  intergal  of  a  function  of  the  cur- 
rent with  respect  to  the  time,  this  integral  attains  its  final  value  in  a 
time  within  the  limit  of  error  of  measuring  the  oscillograms,  which 
is  about  i/6cxx)  second.  This  time  corresponds  to  3.5*^,  and  is 
about  I  mm.  on  the  original  photographs. 
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It  might  seem  that  the  approximation  made  as  to  the  analytical 
expression  for  the  steady  current-voltage  curve  would  not  warrant 
the  accuracy  here  claimed ;  but  if  we  draw  the  straight  line  through 
the  points  for  which  the  current  is  i  and  6  milliamperes,  this  line 
will  depart  from  the  observed  values  only  for  values  of  i  below  i 
milliampere,  where  the  departure  will  have  the  following  values  : 


i 

Millamperes. 
.5 

Departure. 

Volts. 

.1 

Departure  in 

Degrees. 

.6 

.2 

.15 

1.7 

.1 

.3 

3.4 

In  the  negative  loop  of  the  rectified  cycle  the  departure  of  the 
approximation  from  the  observed  current- voltage  curve  is  still  smaller. 
However,  apart  from  the  specific  assumption  as  to  the  analytical 
function  representing  the  current-voltage  characteristic  of  the  recti- 
fier under  the  action  of  a  steady  current,  the  theoretical  discussion 
given  above  permits  a  ready  qualitative  understanding  of  the  lead 
that  occurs  in  certain  parts  of  the  rectified  cycle,  which  may  be 
summarized  as  follows  : 

1.  The  case  of  the  advance  of  the  rectified  cycle  on  rising  from 
the  axis  of  no  current  is  seen  to  be  due  largely  to  the  fact  that  after 
a  dormant  half-period  the  current  in  the  circuit  follows  the  ordinary 
exponential  ** building- up"  curve  for  a  time  before  coming  into 
coincidence  with  the  sine  curve.  This  building-up  curve  starts 
from  the  axis  with  zero  lag  and  is,  therefore,  in  advance  of  the  sine 
curve.  To  this  effect  is  to  be  added  the  effect  due  to  an  apparently 
higher  resistance  of  the  rectifier  for  small  currents  than  for  large 
currents.  This  apparently  higher  resistance  brings  the  building-up 
curve  a  little  nearer  to  the  sine  curve. 

2.  The  slightly  quicker  descent  of  the  rectified  cycle  on  approach- 
ing the  axis  after  having  traversed  the  upper  half  of  the  curve  is 
also  due  to  this  apparently  higher  resistance  of  the  rectifier  when 
traversed  by  smaller  currents. 

3.  The  very  significant  lead  of  the  negative  maximum  ahead  of 
the  corresponding  voltage-phase  maximum  is  explicable  on  the 
assumption  that  the  rectifier  has  a  much  higher  resistance  in  the  nega- 
tive direction  th^  in  the  positive  direction.  We  have  seen  above 
that  the  angle  of  lag  of  the  voltage-phase  cycle  behind  the  impressed 
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voltage,  determined  by  the  inductance  and  resistance  of  the  circuit, 
is 

while  in  the  negative  direction  in  order  to  bring  the  voltage-phase 
curve  to  the  same  amplitude  as  the  negative  maximum  of  the  rec- 
tified cycle  there  would  be  required  a  resistance  of  at  least  6,470  plus 
436  =  6,906  ohms,  whence  the  angle  of  lag  in  this  case  would  be 

Therefore  the  angle  of  lead  of  the  rectified  cycle  ahead  of  the  volt- 
age-phase cycle,  determined  as  the  difference  of  these  two  angles 
of  lag,  is  30.2®.     This  value  agrees  with  oscillogram  No.  2. 

In  this  connection  it  is  interesting  to  notice  that  a  lead  of  this 
negative  maximum  in  the  case  of  the  carborundum  oscillogram  does 
not  appear.  The  explanation  of  this  is  easily  obtained  if  one  sub- 
stitutes for  the  resistance  values  of  the  molybdenite  the  correspond- 
ing values  for  the  circuit  containing  the  carborundum  rectifier.  The 
equivalent  resistance  of  the  carborundum  in  its  positive  loop  is 
6,000  ohms,  so  that  the  angle  of  lag  of  the  voltage-phase  cycle 
with  this  resistance  in  it  is  only  5.6°,  while  in  the  negative  direction 
the  equivalent  resistance  of  the  carborundum  is  about  20,000  ohms, 
giving  an  angle  of  lag  in  the  neighborhood  of  i®.  The  difference 
between  these  two  angles  of  lag,  which  would  give  the  phase  differ- 
ence between  the  carborundum  cycle  and  the  corresponding  voltage- 
phase  cycle  would  be  a  quantity  just  perceptible  on  the  oscillogram, 
as  was  verified  in  the  original  protographs. 

In  conclusion  of  this  discussion  of  the  oscillograms,  I  should  say 
that  we  have  not  been  able  to  detect  in  the  photographs  any  evi- 
dence of  a  thermoelectric  or  other  integrative  action  of  the  rectifier. 

Thermoelectric  Properties  of  Molybdenite. 

In  the  present  section  an  account  is  given  of  the  investigation  of 
the  thermoelectromotive  force  of  molybdenite  against  copper,  and  a 
determination  of  the  temperature  coefficient  of  resistance  of  molyb- 
denite. Apart  from  their  possible  bearing  on  the  action  of  the  recti- 
fier, these  properties  of  molybdenite  are  of  interest  in  themselves. 

Thermoelectromotive  Force,  —  Five  specimens  were  mounted  for 
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the  study  of  the  thennoelectromotive  force  of  molybdenite  against 
copper.  These  specimens  are  referred  to  as  A,  B,  C,  A 
E,      The    method    of    mounting  the  specimen    E    is  shown   in 


Fig.  8.    Apparatns  for  detennining  thermoelectromodTe  force  of  molybdenite 
against  copper. 

Fig.  8.     A  thin  sheet  of  molybdenite  .1   or  .2  mm.   thick,  2  cm. 
wide,  and  8  cm.  long,  was  cemented  between  two  glass  microscope 


e 

/- 

/ 

1 

0 

j< 

^ 

S 

a 

.'^ 

A 

9 
P  0 

Z' 

^ 

|s 

^ 

y 

§^ 

y 

X 

s 

^ 

>^ 

V 

./> 

/ 

% 

A 

t/ 

M 
10 

LUVO 

LTS 

« 

«» 

0 

0 

S_ 

22— 

«> 

Fig.  9.    Thennoelectromotive  force  of  copper-molybdenite  couple  E  for  various 
,  temperatures  of  hot  junction.      Temperature  of  cold  junction  o^  C. 

sl  des  G  with  a  cement  made  of  water  glass  and  calcium  carbonate.* 
The  molybdenite  was  then  copper-plated  over  a  small  area  at  each 

^Otto  Reicbenbeim  suggests  tbe  use  of  sucb  a  cement  in  Inaugural  Dissertation,  Frei- 
burg, 1906. 
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of  the  exposed  ends  MM^  and  to  these  copper-plated  areas  were 
soldered  copper  wires,  .2  mm.  in  diameter,  so  as  to  form  thermal 
junctions  with  the  molybdenite.  The  thermal  junctions  and  the 
ends  of  the  glass  mounting  were  inserted  into  two  brass  vessels  for 
containing  the  temperature  baths  of  oil.  The  joints  between  the 
brass  vessel  and  the  glass  mounting  were  made  tight  with  the  cement 
of  water  glass  and  calcium  carbonate.  The  oil-baths  were  provided 
with  stirrers  driven  by  a  motor.  One  of  the  baths  was  kept  at  o® 
C,  and  the  other  bath  was  given  various  temperatures  between  o® 
and  200°  C.  The  resulting  thermoelectromotivc  force  was  meas- 
ured by  means  of  a  potentiometer  to  which  the  copper  wires  LL 
led.  The  results  are  recorded  in  Table  VIII.,  and  plotted  in  the 
curve  of  Fig.  9. 

Table  VIII. 


'Thermodectromotive  Force  of  the  Copper- Molybdenite  C0uple^ 

being  kept  at  Zero, 


E''  the  Cold  Junction 


Temperature 

ofHot 

Junction. 

B.M.P.  in 
Millivolts. 

Tempermture 

of  Hot 

Junction. 

E.M.P.  in 
Millivolts. 

Temperature 

OfHot 

Junction. 

B.M.P.  in 
MiilivolU. 

10.1 

-  7.5 

59.2 

-42.5 

133.2 

-  90.7 

14.3 

-10.7 

67.4 

-48.6 

141.9 

-96.9 

16.2 

-11.5 

70.8 

-51.2 

156.8 

-106.8 

18.7 

-13.8 

76.0 

-54.1 

166.9 

-113.2 

21.5 

-16.0 

80.8 

-57.2 

176.8 

-119.0 

24.1 

-17.6 

99.2 

-68.4 

179.0 

-120.0 

25.6 

-18.5 

109.3 

-75.2 

180.9 

-121.5 

33.1 

-24.6 

111.6 

-77.2 

188.5 

-126.2 

36.2 

-25.9       ! 

'        116.3 

-79.2 

192.7 

-128.7 

41.9 

-31.5 

118.7 

-83.2 

195.0 

-130.0 

51.1 

-36.7       1 

' 

The  negative  sign  before  the  E.M.F.  in  Table  VIII.  indicates 
that  this  specimen  of  molybdenite  is  thermoelectrically  negative 
with  respect  to  copper;  that  is  to  say,  the  current  at  the  hot  junc- 
tion flows  from  the  molybdenite  to  copper. 

A  slightly  different  form  of  mounting  was  employed  for  speci- 
mens A,  B,  C  and  D.  These  specimens,  which  were  cut  from 
two  different  large  crystals  of  molybdenite,  were  each  i  cm.  wide, 
5  cm.  long  and  from  .5  to  i  mm.  thick,  and  were  mounted  in 
corks.     Each  cork  4.5  cm.  long,  was  split  lengthwise,  and  one  of 
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the  longitudinal  half-corks  was  grooved  out  to  contain  the  molyb- 
denite. The  two  half-corks  with  the  molybdenite  between  were  put 
together  again  and  cemented  with  plaster  of  Paris,  so  as  to  leave  2 
or  3  mm.  of  molybdenite  protruding  from  each  end  of  the  cork. 
These  small  areas  were  then  copper-plated,  and  copper  wires  .2  mm. 
thick  were  soldered  to  the  copper-plated  areas,  so  as  to  form  thermal 
junctions.  The  four  corks  containing  the  specimens  A^  By  CandD 
were  inserted  in  round  holes  in  two  copper  vessels  for  containing 
the  temperature  baths  of  oil,  so  that  the  junction  at  one  end  of  each 
specimen  should  be  in  the  hot  bath,  while  the  junction  at  the  other 
end  was  in  the  cold  bath.  The  cold  bath  was  kept  at  20® C. ;  the 
hot  bath  was  given  various  temperatures  between  20°  and  100®  C. 
The  thermoelectromotive  force  of  each  couple  was  measured  on  a 
potentiometer.  The  results  for  A,  B,  C  and  D  are  contained  in 
Table  IX.,  and  are  plotted  in  Fig.  10.  For  comparison  a  part  of 
the  curve  obtained  for  E  is  also  plotted  in  Fig.  10. 
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Fig.  10. 


Thermoelectromotive  force  of  five  copper-molybdenite  couples,  for  various  tem- 
peratures of  hot  junction.     Temperature  of  cold  junction  20^  C. 


Some  of  the  specimens  {B,  D  and  E^  are  thermoelectrically 
negative  with  respect  to  copper,  while  the  other  specimens  {A  and  C) 
are  thermoelectrically  positive  with  respect  to  copper.  The  thermo- 
electromotive force  per  degree  differs  largely  with  the  different 
specimens,  as  may  be  seen  by  a  reference  to  Table  X.,  which  con- 
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Table  IX. 

Atofybdenite- Copper  Junctions  At  B^  C,  D.      The  Cold  Junction  was  at  20^  C 
Hot  Junction  was  at  lemperature  T^  C,     T%e  Thetmoelectromotive^ 
Force  Vis  in  Millivolts, 


The 


Junction  A. 

Junction  B. 

Junction  C. 

Junction  D. 

T 

V 

T 

V 

T 

V 

T 

V 

31.9 

1.45 

31.6 

-  2.70 

Z\.l 

2.01 

31.6 

-4.81 

53.5 

4.63 

54.1 

-  9.21 

55.2 

7.20 

57.5 

-17.9 

76.6 

8.21 

80.0 

-17.1 

59.8 

-19.4 

89.4 

10.4 

87.4 

-20.0 

87.2 

14.9 

86.7 

-33.7 

97.1 

11.5 

95.3 

-24.2 

94.4 

16.6 

tains  the  thermoelectromotive  force  per  degree  of  the  different 
specimens  of  molybdenite  against  copper,  and  against  lead  (obtained 
from  the  known  value  of  the  lead-copper  junction).  For  compari- 
son, Table  X.  also  gives  the  thermoelectromotive  power  of  some 
other  remarkable  thermoelectric  elements. 


Table  X. 

Substance. 

Thermoelectromotive  Force  in  Microvolts 
per  Decree  Centigrade,  at  tkP  C. 

Authority. 

Against  Copper. 

Against  Lead. 

Molybdenite  A. 

110 

113 

Present  experiment. 

B. 

-230 

-227 

«<               << 

C. 

175 

178 

44               (( 

D. 

-415 

-413 

(<               << 

E.      . 

-720 

-717 

«               (< 

Silicon. 

-400 

Frances  G.  Wick. » 

Bismath. 

-  89 

Matthiessen.' 

Antimony. 

26 

i< 

Tellurium. 

502 

<( 

Selenium. 

807 

<< 

The  comparison  shows  that  these  specimens  of  molybdenite  have 
very  large  thermoelectromotive  force  against  copper  or  against  lead. 
The  specimens  D  and  E  were  found  to  be  at  the  extreme  negative 
end  of  the  thermoelectric  series. 

The  great  variability  among  the  specimens  studied  may  be  due 

to  an  admixture  of  small  quantities  of  some  other  substance  with 

iPHYS.  Rev.,  Vol.  25,  p.  390. 

•  Everett,  Units  and  Physical  Constants. 
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the  molybdenite,  or  it  may  be  due  to  structural  differences  from 
point  to  point  of  the  crystal.  I  have  not  yet  investigated  the  ques- 
tion of  the  cause  of  the  variability  of  the  phenomenon.  The  differ- 
ences in  the  specimens  could  not  have  arisen  from  the  copper-plating 
or  from  the  heat  employed  in  soldering  the  junctions,  because  the 
specimens  A,  B,  Cand  D  were  tested  before  the  copper-plating  and 
soldering  were  done,  and  by  means  of  the  preliminary  test  were 
classified  as  positive,  negative,  positive  and  negative  respectively ; 
which  agrees  with  the  determination  after  soldering. 

The  preliminary  test  was  made  by  touching  the  specimens  with 
two  copper  wires  connected  to  a  galvanometer,  one  of  the  wires 
being  slightly  warmer  than  the  other.  This  preliminary  test  proved 
very  interesting  in  that  it  shows  that  one  may  find  all  over  many  of 
the  pieces  cut  from  a  crystal  of  molybdenite  points  where  the  sub- 
stance is  thermoelectrically  positive  and  other  points  where  it  is 
thermoelectrically  negative.  These  positive  and  negative  points 
sometimes  lie  so  near  together  that  with  a  fine-pointed  exploring 
electrode  connected  to  a  galvanometer  and  warmed  by  heat  con- 
ducted from  the  hand  one  may  find  the  deflections  of  the  galvanom- 
eter reversed  from  large  positive  values  to  large  negative  values  on 
making  the  slightest  possible  motion  of  the  pointer  over  the  crystal. 

Explorations  of  this  kind  failed  to  show  any  definite  orientation 
of  the  thermoelectric  quality  with  respect  to  the  crystallographic 
axes. 

The  existence  of  small  thermoelectrically  positive  and  negative 
patches  in  a  piece  of  the  molybdenite  may  indicate  that  the  thermo- 
electromotive  force  measured  by  attaching  wires  to  the  specimen  is 
too  low  on  account  of  the  inclusion  under  the  electrodes  of  both 
positive  and  negative  areas  which  would  partially  neutralize  the 
thermoelectric  action  against  another  electrode.  It  may  be,  there- 
fore, that  the  contact  electrode  as  it  is  employed  in  the  use  of  the 
molybdenite  as  a  rectifier  would  be  subjected  to  much  larger  ther- 
moelectromotive  forces  than  those  revealed  in  the  soldered  connec- 
tion experiments. 

It  may  be  said  in  passing  that  the  specimens  D  and  E,  with  the 
soldered  connections,  still  showed  the  phenomenon  of  rectification 
when  used  with  alternating  currents,  even  when  the  two  junctions 
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of  the  copper  with  the  molybdenite  were  in  oil-baths  at  the  same 
temperature  as  the  room  and  the  oil  in  the  baths  was  vigorously 
stirred  with  motor-driven  stirrers.  The  rectification  in  this  case  was, 
however,  very  imperfect. 

Temperature  Coefficient  of  Resistance.  —  Another  interesting  ther- 
mal property  of  the  molybdenite  is  its  temperature  coefficient  of  re- 
sistance. A  preliminary  report  on  this  coefficient  is  here  given. 
Two  specimens  of  the  molybdenite  were  made  into  the  form  of  re- 
sistance thermometers,  by  depositing  heavy  copper-plated  areas  near 
the  two  ends  of  thin  pieces  of  the  molybdenite  and  soldering  thin 
copper  strips  to  the  copper  plate.  For  insulation  a  thin  strip  of 
mica  was  placed  over  the  molybdenite,  and  one  of  the  copper 
leads  was  bent  back  over  the  mica  so  that  both  leads  ran  away  par- 
allel with  the  mica  insulation  between.  The  whole  conductor  was 
then  placed  between  two  mica  strips  and  inserted  in  a  flattened  brass 
tube.  The  tube  was  then  mashed  tight  together  so  as  to  securely 
clamp  the  molybdenite  and  its  leads.  The  end  of  the  tube  adjacent 
to  the  molybdenite  was  soldered  up.  The  leads  were  brought  out 
at  the  other  end  of  the  tube  and  connected  to  binding  posts  insu- 
lated by  a  hard  rubber  head  from  the  tube. 

The  two  molybdenite  resistances  thus  mounted  are  called  No.  50 
and  No.  51.  The  dimensions  of  the  molybdenite  used  in  No.  50 
were  not  recorded.  The  molybdenite  in  No.  51  was  .65  cm.  wide 
by  .7  cm.  long ;  the  thickness  was  about  .3  mm. 

The  resistances  of  these  two  conductors  were  measured  at  vari- 
ous temperatures  with  the  aid  of  a  Wheatstone  bridge.  They 
showed  no  evidence  of  rectification.  In  making  the  measurements 
it  was  necessary  to  keep  the  current  small  so  as  to  avoid  electrical 
heating  of  the  conductors.  With  successive  heatings  and  coolings 
the  resistance  of  the  molybdenite  showed  small  progressive  changes, 
which,  however,  after  some  months,  almost  disappeared.  When 
the  resistance  of  the  two  specimens  of  molybdenite  had  settled 
down  to  a  practically  steady  condition,  the  values  plotted  in  Fig.  1 1 
were  obtained.  The  curves  marked  "  50"  and  **  51  "  give  the  re- 
sistance of  No.  50  and  No.  5 1  respectively.  The  ordinates  for  these 
curves  are  at  the  left  margin  of  the  diagram,  and  are  in  ohms.  The 
curves  "C  50  "  and  "C  5 1  "  are  for  the  reciprocals  of  the  resistance 
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of  No.  50  and  No.  5 1  respectively.    The  ordinates  for  these  curves 
are  at  the  right  hand  margin  of  the  diagram. 

Each  of  the  specimens  has  a  large  negative  temperature  coefficient 
of  resistance.  With  No.  50,  for  example,  the  resistance  at  93.1°  C, 
is  229  ohms ;  at  0°  C,  the  resistance  is  561  ohms ;  at  —  76°,  the 
resistance  is  3,051  ohms;  and  at  the  temperature  of  liquid  air,  the 


Fig.  11. 


•M       •«)      •«>      H0~ 

TEMPERATURE 

Effect  of  temperature  on  electrical  resistance  of  molybdenite. 


resistance  of  this  specimen  was  found  to  be  over  6,000,000  ohms. 
This  last  value  is  not  plotted  on  the  curves. 

It  is  interesting  to  note  that  between  —  /j°  andgj^  the  temperature- 
co7iductance  curve  of  each  of  the  specimens  is  a  straight  line. 

At  0°  C.  the  resistance  of  each  of  the  specimens  decreases  about 
1.53  per  cent,  per  degree  centigrade  increase  of  temperature.  At 
20°  the  decrease  of  resistance  per  degree  increase  of  temperature  is 
1. 19  per  cent. 

A  previous  determination  of  the  resistance  of  molybdenite  has 
been  made  by  Otto  Reichenheim.^     He  did  not  solder  on  his  con- 

'Otto  Reichenheim,  Inaugural  Dissertation,  Freiburg,  1906. 
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nections  but  led  the  current  into  the  specimen  through  contact  elec- 
trodes and  found  that  the  resistance  depended  on  the  contact  pressure. 
His  data  are,  therefore,  not  comparable  with  mine,  but  I  find  that  one 
of  his  specimens,*  measured  parallel  to  the  direction  of  cleavage, 
gives  the  conductance  a  linear  function  of  the  temperature  between 
19.5®  and  92.5°  C.  with  a  slope  not  very  different  from  that  obtained 
in  the  present  experiments. 

The  large  thermoeletromotive  force  of  the  molybdenite  against 
the  common  metals,  together  with  its  large  negative  temperature 
coefficient  of  resistance,  lends  plausibility  to  the  h3q>othesis  that  the 
rectification  is  due  to  thermoelectricity.  For  if  we  pass  an  electric 
current  through  the  rectifier  and  the  current  begins  to  make  its  way 
through  a  small  area  at  the  contact,  this  small  area  is  heated  and 
decreases  in  resistance  so  that  the  greater  part  of  the  current  flows 
through  this  particular  small  area,  heating  it  still  more,  while  the 
portions  of  the  contact  through  which  the  current  has  not  started 
remain  cool  and  continue  to  offer  a  high  resistance.  The  effect  of 
this  action  is  to  confine  the  heating  to  an  extremely  small  area, 
which  is  the  condition  necessary  for  the  extremely  rapid  and  efficient 
action  of  the  rectifier.  That  there  is,  however,  strong  evidence 
against  this  explanation  of  the  phenomenon  is,  I  think,  made  clear 
in  the  succeeding  experiments. 

Experimental   Facts  Adverse  to  the  Thermoelectric 
Explanation  of  the  Phenomenon  of  Rectification. 

The  Thermoelectric  Effect  Opposite  to  the  Rectification,  —  A  number 
of  experiments  with  different  specimens  of  molybdenite  were  made, 
in  which  the  rectification  and  the  thermoelectric  effect  could  be 
simultaneously  studied.  A  diagram  of  the  arrangement  of  appara- 
tus is  given  in  Fig.  12.  The  specimen  of  molybdenite  is  shown 
at  M  and  was  held  down  upon  a  wooden  base  by  a  spring  clip. 
One  end  of  each  specimen,  which  were  easily  interchangeable  in  the 
apparatus,  was  electroplated  with  copper  at  S.  To  this  copperplated 
area  a  copper  lead  was  soldered.  A  copper  rod  C,  supported  as  in 
Fig-  3»  was  brought  into  contact  with  the  part  of  the  molybdenite 
distant  from  the  soldered  junction.  The  molybdenite  and  the  contact 
'  Described  as  Stab  II. ^  p.  27  of  the  Dissertation. 
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were  put  in  an  electric  circuit  containing  a  microammeter  or  galva- 
nometer at  A  and  a  source  of  variable  alternating  potential  at  V, 
The  alternating  potential  V  could  be  applied  or  omitted  by  closing 
or  opening  the  switch  at  T,  A  small  heating  coil  was  wound 
on  the  rod  C,  and  another  similar  heating  coil  E  was  wound  on 
a  second  copper  rod,  placed  immediately  below  the  contact  of  C 
with  M. 


Rg.  12.     Apparatus  for  comparison  of  rectified  current  with  thermal  current. 

An  auxiliary  thermal  junction,  formed  by  a  small  constantan  wire 
attached  to  the  lower  end  of  the  copper  rod  C  was  connected  to  a 
second  galvanometer  shown  at  G,  for  use  in  a  later  experiment. 

The  copper  rods  C  or  D  could  be  heated  by  the  surrounding 
coils,  and  the  thermal  current  in  the  circuit  through  the  molyb- 
denite or  the  circuit  through  the  constantan  could  be  read  on  the 
galvanometers  A  or  G,  Also  the  rectified  current  obtained  by 
applying  the  alternating  voltage  V  could  be  read  on  the  galvonom- 
eter  A,  When  the  thermal  current  or  the  rectified  current  through 
A  is  in  the  direction  of  the  arrow  B  the  molybdenite,  following  the 
usage  in  thermoelectricity,  is  said  to  be  positive.  When  the  current 
in  A  is  in  the  direction  opposite  to  the  arrow  B,  the  molybdenite  is 
said  to  be  negative. 

The  results  obtained  with  a  number  of  specimens  of  molybdenite 
when  heat  was  applied  above^  and  when  heat  was  applied  below  and 
when  the  alternating  voltage  was  applied  are  contained  in  Table  XI. 
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Table  XL 

Sign  of  Molybdenite^  when  Heated  Above  or  Below  and  when  Subjected  to 
Alternating  Voltage, 


Specimsn  No. 

Heated  Above. 

Heated  Below. 

Under  Alt.  Voltage. 

7S 

-f 





81 

4- 

— 

— 

Turaed  over. 

-f 

— 

— 

93 

— 

-f 

4- 

Another  point. 

— 

— 

4- 

<< 

— 

— 

4- 

Turned  over. 

— 

— 

4- 

7S 

4- 

+ 

4- 

Another  point. 

+ 

— 

— 

« 

+ 

4- 

— 

94 

— 

— 

4- 

Another  point. 

— 

+ 

+ 

i< 

— 

-f 

4- 

From  this  table  it  appears  that  the  thermoelectric  voltage  when 
the  junction  is  heated  by  heat  conducted  from  above,  in  twelve  out  of 
the  thirteen  cases  tried,  is  opposite  to  the  direct  voltage  obtained 
when  an  alternating  current  is  passed  through  the  junction.  When 
the  heat  is  conducted  to  the  junction  from  below ,  through  the  molyb- 
denite, the  thermoelectromotive  force  in  four  cases  is  opposite  to 
the  rectified  voltage  and  in  nine  cases  is  in  the  same  direction  as  the 
rectified  voltage.  In  only  one  case,  one  point  of  no.  78,  is  the 
rectified  voltage  in  the  same  direction  as  the  thermal  voltage  both 
when  the  junction  is  heated  from  above  and  when  it  is  heated  from 
below. 

In  all  of  these  cases  the  heat  was  applied  in  the  neighborhood  of 
the  same  junction  and  there  was  no  opportunity  for  heat  to  get  to 
the  other  junction  by  conduction,  on  account  of  the  great  distance 
of  the  other  junction  from  the  source  of  heat.  To  make  this  the 
more  certain  this  distant  junction  was  in  some  cases  submerged  in 
an  oil-bath. 

So  far  as  I  have  been  able  to  learn,  this  phenomenon  of  the  re- 
versal of  the  thermoelectromotive  force  at  a  junction,  conditioned  on 
whether  the  heat  is  conducted  to  the  junction  through  one  element 
of  the  junction  or  the  other  element  of  the  junction  is  novel.  It  may 
be  explained  by  the  assumption  of  another  thermal  junction  of  oppo- 
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site  sign  in  the  molybdenite  itself  below  and  in  the  immediate  neigh- 
borhood of  the  copper-molybdenite  junction.  This  assumption  is 
plausible  because  it  has  been  shown  above  that  the  molybdenite 
with  which  these  experiments  were  performed  is  thermoelectrically 
an  extremely  heterogeneous  substance.  On  the  other  hand,  the 
phenomenon  may  also  be  explained  on  the  theory  that  the  direction 
of  the  thermoelectromotive  force  is  determined  by  the  direction  of 
the  flow  of  heat. 

Whatever  the  explanation  of  the  dependence  of  the  sign  of  the 
thermoelectromotive  force  on  the  manner  of  applying  heat,  it  is 
seen  that  the  thermoelectromotive  force  is  usually  opposite  in  sign  ^ 
to  the  electromotive  force  produced  by  sending  an  alternating  cur- 
rent through  the  junction. 

By  applying  the  heat  from  above  and  at  the  same  time  applying 
the  alternating  voltage  one  can  make  the  thermal  current  and  the 
rectified  current  neutralize  each  other.  The  opposition  of  the  sign 
of  the  rectified  current  and  the  thermal  current  renders  the  thermo- 
electric explanation  of  the  phenomenon  of  rectification  highly  im- 
probable. 

Effort  to  Detect  Heating  of  the  Contact  of  the  Rectifier,  —  With 
the  aid  of  the  auxiliary  thermal  junction  of  copper-constantan  placed 
at  the  contact  of  the  copper  with  the  molybdenite,  as  shown  in  Fig. 
12,  an  effort  was  made  to  detect  heating  of  the  copper-molybdenite 
j  unction  by  the  alternating  current  which  was  being  rectified.  When 
the  rectified  current  was  Ii8  microamperes,  the  heating  shown  by 
the  copper-constantan  junction  did  not  exceed  .01°  C.  When  on 
the  other  hand,  as  a  control  experiment,  heat  was  applied  to  the 
copper-molybdenite  junction  from  below  so  as  to  be  conducted 
through  the  molybdenite  and  through  the  copper-molybdenite  junc- 
tion to  the  copper-constantan  junction,  the  heating  shown  by  the 
auxiliary  copper-constantan  junction  was  1 1.4®  C,  while  the  thermal 
current  from  the  copper-molybdenite  junction  was  only  .2  micro- 

'  In  a  series  of  experiments  with  silicon-steel,  carbon-steel  and  tellurium-alaminum, 
L.  W.  Austin  has  found  that  the  rectified  current  generally  flows  in  opposite  direction 
to  that  produced  by  heating  the  junction.  In  hb  experiments  (Bulletin  of  the  Bureau 
of  Standards,  Vol.  5,  No.  I,  August,  1908)  the  heat  was  applied  by  a  soldering  iron 
brought  into  contact  with  the  low  resistance  metal,  and  therefore  corresponds  to  heat 
conducted  from  above  in  these  experiments. 
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ampere.  In  both  the  case  of  the  rectified  current  and  the  case  of 
the  application  of  heat  from  below  the  heat  had  to  be  conducted 
from  the  point  of  rectification  to  the  auxiliary  junction.  Therefore, 
with  a  rise  of  temperature  of  the  auxiliary  junction  1,100  times  as 
great  as  the  rise  shown  during  the  rectification,  the  thermal  current 
in  the  copper-molybdenite  circuit  was  1/500  of  the  rectified  current ; 
that  is  to  say  the  rectified  current,  for  a  rise  of  temperature  of  i/ioo 
of  a  degree  of  the  auxiliary  junction  (being  approximately  a  linear 
function  of  the  temperature)  was  less  than  1/500,000  of  the  rectified 
current  from  an  alternating  current  producing  the  same  rise  of 
temperature. 

From  this  experiment,  also,  it  seems  to  the  writer  that  the  hypoth- 
esis that  the  action  of  the  rectifier  takes  place  through  the  inter- 
mediation of  thermoelectricity  is  improbable. 

The  expenses  of  this  research  were  in  part  defrayed  by  a  liberal 
grant  from  the  Bache  fund  of  the  National  Academy,  for  which  the 
author  wishes  to  express  his  sincere  thanks. 

Experiments  are  still  in  progress. 
Jefferson  Physical  Laboratory, 

Harvard  University,  Cambridge,  Mass., 
December  21,  1908. 
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ATMOSPHERIC  RADIOACTIVITY  IN  CALIFORNIA  AND 

COLORADO  AND  THE  RANGE  OF  THE  a-PAR- 

TICLES  FROM  RADIUM  B.' 

By  Frederic  A.  Harvey. 

THIS  paper  is  an  account  of  an  investigation  of  atmospheric 
radioactivity  at  Berkeley  California,  and  Denver,  Colorado. 
The  work  is  of  interest  in  itself,  since  no  previous  investigation  of  this 
character  has  been  made  in  these  localities ;  and  several  new  results 
have  also  been  obtained,  including  the  proof  that  radium  B  gives  oflF 
a-rays  of  very  short  range,  and  the  measurement  of  this  range.* 

The  earliest  investigations  on  the  subject  of  atmospheric  radio- 
activity were  made  by  Elster  and  Geitel.'  They  found  that  a 
charged  body  loses  electricity  faster  in  the  open  air  than  can  be 
explained  by  leakage  across  its  supports  and  that  this  was  due  to  a 
slight  ionization  of  the  air,  which  always  exists.  In  the  light  of 
the  recent  discoveries  with  regard  to  radioactivity  it  was  seen  that 
this  ionization  might  be  caused  by  some  radioactive  substance  in 
the  atmosphere.  To  test  this  they  exposed  a  negatively  charged 
wire  gauze  in  the  open  air.  After  an  exposure  of  a  few  hours  the 
wire  gauze  was  placed  in  the  ionization  chamber  of  an  electroscope 
and  it  was  found  that  an  active  deposit  had  collected  on  the  gauze. 
The  amount  of  active  deposit  collected  was  greatly  increased  by 
using  a  long  wire  and  changing  the  negative  potential  from  four 
hundred  to  several  thousand  volts.  The  material  of  the  wire  had 
no  effect  on  the  amount  of  active  material  collected.  The  activity 
decayed  in  a  few  hours  in  a  manner  resembling  that  of  thorium  X. 
The  decay  was  not  hastened  by  heating.     The  active  deposit  could 

'Submitted  in  partial  satisfaction  of  the  requirements  for  the  degree  of  Ph.D.  in  the 
University  of  California. 

'  A  brief  note  containing  some  of  the  more  important  points  has  already  been  pub- 
lished by  the  author.     Phys.  Zeitschr..  1909. 

'Elster  and  Geitcl,  Phys.  Zeitschr.,  3,  p.  76,  1901,  and  p.  574,  1902;  also 4,  p.  522, 
1903. 
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be  transferred  to  a  piece  of  leather  and  when  concentrated  in  this 
form  was  sufficiently  active  to  make  a  barium-platino-cyanide 
screen  glow  quite  perceptibly  to  the  rested  eye,  or  give  a  shadow 
picture  through  a  sheet  of  aluminium  o.  i  mm.  in  thickness.  All 
of  these  properties  tended  to  show  that  the  material  was  of  the 
same  nature  as  the  active  deposit  collected  from  radium  or  thorium 
emanation.  The  amount  of  active  material  collected  in  caves  and 
holes,  where  the  air  had  been  long  stagnant,  was  much  greater  than 
in  the  open  air.  Meteorological  conditions,  such  as  fog,  strong 
winds,  temperature,  and  barometric  height,  were  found  to  exert  a 
marked  effect  on  the  amount  of  active  material  collected. 

The  work  of  Rutherford  and  Soddy  *  on  the  time  rate  of  decay  of 
thorium  X  has  been  extended  until  it  is  now  generally  accepted 
that  each  radioactive  substance  loses  its  activity  according  to  some 
exponential  law.  Thus  it  is  estimated  that  radium  would  lose  half 
of  its  activity  in  about  1,760  years,  whereas,  radium  A  sinks  to  half- 
value  in  only  three  minutes.  Where  an  active  deposit  consists  of 
several  radioactive  components  the  total  activity  is  made  up  of  the 
sum  of  the  activities  due  to  these  components.  The  usual  method 
of  analysis  is  to  compare  the  curve  showing  the  rate  of  decay  of  the 
active  material  with  the  curves  of  decay  of  the  transformation  prod- 
ucts of  radium,  thorium  and  actinium,  which  are  known  with  con- 
siderable accuracy.  The  method  is  more  or  less  **  cut  and  try  " 
until  a  combination  is  found  which  will  make  the  calculated  and 
experimental  results  agree. 

It  is  of  importance  to  find  the  source  of  the  emanation  present  in 
the  air.  Working  toward  this  end  Bumstead  and  Wheeler  *  found 
that  the  gas  drawn  from  the  surface  soil  at  New  Haven  contained 
a  radioactive  gas  apparently  identical  with  radium  emanation. 
Thorium  emanation  was  not  discovered  because  its  life  is  shorter 
than  the  necessary  time  which  elapsed  in  transferring  the  gas  to  the 
testing  apparatus.  Later  Dadourian  ^  exposed  a  negatively  charged 
wire  in  a  hole  dug  in  the  ground,  at  New  Haven,  into  which  fresh 
air  was  continually  drawn  from  the  surrounding  soil.     He  found 

*  Rntherford  and  Soddy,  Phil.  Mag.,  September  and  November,  1902. 
'Bumstead  and  Wheeler,  Amer.  Jour.  Sc,  Vol.  17.  p.  97,  February,  1904. 
'H.  M.  Dadourian,  Amer.  Jour.  Sc,  Vol.  19,  p.  16,  January,  1905. 
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undoubted  evidence  of  thorium  emanation  in  the  soil  gases.  Eve 
has  shown  that  the  amount  of  radium  salts  distributed  through  the 
earth's  crust  is  of  the  right  order  of  magnitude  to  account  for  the 
emanation  in  the  atmosphere. 

The  nature  of  the  emanation  which  produces  the  phenomena  of 
atmospheric  radioactivity  has  been  the  subject  of  investigation  by 
many  observers  with  apparently  diverse  results.  The  usual  method 
is  to  observe  the  rate  of  decay  of  the  active  deposit  collected  on  a 
negatively  charged  wire  exposed  in  the  open  air  and  compare  it 
with  the  known  and  different  rates  of  decay  of  radium,  thorium  and 
actinium  transformation  products.  Allen*  working  at  Montreal 
and  Cincinnati  came  first  to  the  conclusion  that  the  emanation  is 
identical  with  that  from  radium,  but  later  became  convinced,  owing 
to  the  diverse  values  of  the  half-period  of  decay  (viz.,  the  time 
taken  for  the  decaying  radioactive  substance  to  lose  half  of  its 
initial  activity)  of  the  active  deposit,  that  it  is  a  mixture,  in  varying 
proportions,  of  the  emanations  from  radium,  thorium  and,  possibly, 
actinium.  Bumstead  ^  showed  that  the  active  deposit  collected  on 
a  wire  exposed  in  the  open  air  at  New  Haven  is  complex  and  that 
the  thorium  active  deposit  sometimes  amounts  to  1 5  per  cent,  of 
the  total.  Blanc  ^  found  that  at  Rome  a  very  large  percentage  of 
the  active  deposit,  from  50  to  70  per  cent.,  collected  on  a  wire 
exposed  at  a  potential  of  —  500  volts,  was  due  to  thorium  trans- 
formation products.  The  exposure  in  this  case  was  long  ;  nearly 
three  days. 

The  objects  of  the  present  investigation  are  as  follows:  (i)  To 
carry  out  for  Berkeley,  California,  investigations  similar  to  those 
which  have  been  made  in  other  localities  as  to  the  effect  of  meteoro- 
logical conditions  and  as  to  the  nature  of  the  active  deposit  collected 
on  a  negatively  charged  wire  exposed  in  the  open  air.  (2)  To  de- 
termine the  conditions  governing  the  proportion  of  the  components 
of  the  active  deposit  since  this  proportion  was  found  to  be  variable. 
(3)  To  compare  the  active  deposit  obtained  at  Denver,  Colorado, 
with  that  obtained  at  Berkeley.  (4)  To  measure  the  range  of  the 
a-particles  given  off  by  the  active  deposit,  particularly  the  range  of 

'  S.  J.  Allen,  Phil.  Mag.,  December,  1904.     Phys.  Rev.,  June,  1908. 
*H.  A.  Bumstead,  Amer.  Jour.  Sc,  Vol.  18,  July,  1904. 
»G.  A.  Blanc,  Phil.  Mag.,  13,  p.  378,  March,  1907. 
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the  very  easily  absorbed  radiation  and  to  determine  to  what  com- 
ponent this  radiation  is  due. 

The  usual  method  for  collecting  the  radioactive  material  was 
used,  viz.,  a  wire  charged  to  a  negative  potential  of  a  few  thousand 
volts,  was  exposed  in  the  open  air  for  several  hours.  The  wire  was 
of  copper,  No.  22,  B.  and  S.  gauge,  about  14  meters  in  length,  sup- 
ported about  four  meters  from  the  ground,  in  the  earlier  experi- 
ments. Later  the  length  was  increased  to  38  meters,  the  distance 
from  the  ground  to  about  5  meters,  and  the  wire  stretched  in  a 
position  where  winds  from  all  directions  could  reach  it  easily.  For 
insulating  supports  thin  ebonite  rods,  about  40  cm.  in  length,  were 
used.  It  was  found  that  in  damp  weather  a  thin  coating  of  vase- 
line put  on  the  hot  rods  would  greatly  improve  the  insulation,  as  a 
film  of  moisture  does  not  collect  as  readily  on  the  vaseline  as  on 
the  ebonite.  The  potential  of  the  wire  was  maintained  at  first  by 
means  of  a  water-dropper  and  later  by  means  of  a  motor-driven 
Wimshurst  machine,  Tudsbury  patent.  The  Wimshurst  machine 
worked  more  satisfactorily  in  damp  weather  than  the  water-dropper. 
The  potential  was  measured  by  means  of  a  Braun  electrometer 
reading  directly  in  volts. 

In  order  to  analyze  the  active  deposit  it  is  first  necessary  to 
obtain  observations  which  show  its  rate  of  decay.  This  decay, 
always  measured  by  means  of  the  ionization  produced  by  the  a-rays, 
was  followed  by  several  methods  : 

I.  By  means  of  an  aluminium-leaf  electroscope  with  sulphur 
insulation.  The  rate  of  fall  of  the  leaf  was  measured  in  three  ways. 
{a)  The  image  of  a  circular  scale,  graduated  in  degrees,  of  radius 
equal  to  the  length  of  the  aluminium  leaf,  was  superimposed  on  the 
leaf  by  means  of  a  half-silvered  mirror,  placed  at  an  angle  of  45® 
in  front  of  the  observing  telescope,  and  readings  of  the  position  of 
the  leaf  were  taken  at  regular  intervals.  A  curve  was  then  plotted 
with  positions  of  the  leaf  and  times  of  observation  as  coordinates. 
The  tangents  to  this  curve  give  the  rate  of  fall  of  the  leaf.  Any 
error  in  reading  is  self-correcting  by  this  method  and  tangents  can 
be  determined  within  about  one  per  cent,  {b)  A  small  Gurley  com- 
parator, reading  to  3-^^  mm.,  was  used.  Readings  were  taken  of 
the  distance  moved  by  the  end  of  the  leaf,  at  about  45°  deflection, 
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during  regular  intervals  of  time,  {c)  This  method  differs  from  the 
first  only  in  that  a  circular  scale,  with  vernier,  was  fixed  to  the  tube  of 
a  telescope  and  the  angular  motion  of  the  leaf  read  by  turning  the 
cross  wires  until  one  of  them  coincided  with  the  aluminium  leaf. 
When  a  very  large  amount  of  active  material  had  been  collected 
sufficient  accuracy  could  be  attained,  without  plotting  the  curve  of 
position,  by  merely  observing  the  angular  fall  of  the  leaf  during 
short,  equal  intervals  of  time,  from  one  to  ten  minutes.  The  elec- 
troscope was  calibrated  by  noting  the  rate  of  fall  over  various  parts 
of  the  scale  when  a  constant  source  of  ionization,  viz.,  the  a-rays 
from  uranium  oxide,  was  used.  The  deflection  of  the  leaf  was  kept 
between  the  limits  45°  and  20®,  as  over  this  part  of  the  scale  the 
rate  of  fall  is  most  uniform.  The  potential  of  the  charged  system 
for  a  deflection  of  20°  was  about  500  volts,  which  was  more  than 
sufficient  to  secure  the  saturation  current  for  the  degree  of  ioniza- 
tion obtained. 

2.  By  means  of  a  quadrant  electrometer  made  by  Max  Kohl  after 
the  design  of  Elster  and  Geitel,  which  was  connected  up  in  the  usual 
way ;  one  pair  of  quadrants  earthed,  the  other  pair  connected  to  a 
plate  or  rod  in  the  ionization  chamber  and  the  needle  charged  to  a 
potential  of  100  volts.  The  leak  to  the  quadrants  was  then  meas- 
ured by  noting,  with  a  stop  watch,  the  time  taken  for  the  spot  of 
light  to  travel  over  a  definite  number  of  divisions  on  the  scale  — 
always  the  same  divisions. 

3.  The  null  method  described  by  S.  J.  Allen  *  was  used.  In  this 
method  the  unknown  ionization  is  balanced  against  a  known  ioniza- 
tion produced  by  a  thin  layer  of  uranium  oxide.  The  parallel  plates 
or  concentric  cylinders  between  which  is  the  unknown  ionization, 
are  connected  to  one  end  of  a  battery  of  small  cells  while  the  ura- 
nium oxide  plates  are  connected  to  the  other  end,  the  middle  point 
being  earthed  in  such  a  way  that  the  current  to  one  pair  of  quad- 
rants from  the  unknown  is  of  opposite  sign  to  that  from  the  standard. 
The  surface  of  the  uranium  oxide  exposed  is  varied  until  these  two 
currents  are  just  equal,  when  there  is  no  change  in  the  deflection  of 
the  needle.  The  instrument  is  calibrated  for  different  amounts  of 
surface  exposed. 

»S.  J.  Allen,  Phil.  Mag.,  December,  1907. 
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The  first  method  was  the  least  subject  to  external  disturbing  in- 
fluences and  was  sufficiently  accurate  except  when  a  comparison  of 
the  amount  of  activity  of  two  substances  was  desired.  In  conse- 
quence it  was  most  used.  The  other  methods,  however,  were  use- 
ful as  checks.  It  is  not  possible  to  distinguish  the  curves  obtained 
by  one  method  from  those  obtained  by  another. 

Percentages  of  thorium  excited  activity  were  determined  in  the 
following  manner :  Several  sets  of  observations  on  the  rate  of  decay 
of  the  active  deposit  from  radium  for  a  three-hour  exposure  of  a 
negatively  charged  wire  (potential  —  S,ocx)  volts  or  over)  to  radium 
emanation  in  the  bell-jar  were  taken,  using  the  ionization  produced 
by  the  a-rays.  These  sets  of  observations  were  reduced  to  a  com- 
mon scale  and  averaged.  From  these  average  values  a  standard 
curve  was  plotted  for  the  rate  of  decay  of  an  equilibrium  mixture 
of  radium  A,  Band  C.  The  agreement  among  the  several  sets  of 
observations  was  good,  the  divergence  being  not  more  than  two  or 
three  per  cent,  in  any  case.  The  standard  curve  was  then  made  to 
agree  with  the  curve  under  examination  at  the  thirty-minute  point 
and  the  activity  due  to  the  radium  deposit  calculated  for  the  three- 
hour  point.  Using  this  value  as  a  first  approximation  the  difference 
between  it  and  the  experimental  value  gives  the  activity  due  to  the 
thorium  active  deposit  at  the  three-hour  point.  From  this  the  thor- 
ium activity  at  the  thirty-minute  point  was  calculated,  using  the 
equation  /=»  //"^.  Thorium  active  deposit  loses  half  its  activity 
in  about  eleven  hours,  hence  /==  \I^  =  ^^""^  ^^^  ^  =  -063  when 
/,  the  time,  is  in  hours.  The  part  of  the  activity  due  to  the  radium 
deposit  could  now  be  determined  for  the  thirty-minute  point.  Using 
this  more  accurate  value  the  radium  activity  at  the  three-hour  point 
was  re-determined  from  the  standard  curve,  and  using  the  difference 
between  this  second  approximation  and  the  experimental  value  as 
the  activity  due  to  the  thorium  active  deposit  at  the  three-hour  point 
the  initial  amount  was  determined.  This  divided  by  the  total  initial 
activity  gave  the  percentage  of  thorium  excited  activity  to  a  very 
close  approximation.  Correction  for  the  normal  leak  of  the  elec- 
trometer or  electroscope  was  of  course  made  in  each  case.  When 
observations  had  been  carried  on  over  a  length  of  time  as  great  as 
eleven  hours  the  amount  of  thorium  excited  activity  could  be  at 
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once  determined,  since  usually  all  of  the  radium  excited  activity 
disappears  within  six  hours  from  the  time  of  ending  the  exposure. 
Calculations  by  the  first  method  showed  very  good  agreement  with 
those  by  the  second. 

Observations  Made  in  Berkeley. 

The  half-value  period  of  the  active  deposit  obtained  on  a  nega- 
tively charged  wire  exposed  in  the  open  air  was  not  constant,  but 
varied  between  wide  limits.  In  particular  (see  Table  I.)  the  half- 
period  varied  from  33  minutes  to  5  J^  hours.  As  will  be  shown 
later  the  active  deposits  can  be  accounted  for  on  the  supposition 
that  they  consist  entirely  of  radium  and  thorium  transformation 
products  and  this  change  in  the  period  is  due  to  the  varying  pro- 
portions of  the  components.  It  takes  a  little  over  three  days  for 
the  thorium  active  deposit,  which  will  collect  on  a  negatively  charged 
body  to  reach  its  maximum  value,  provided  all  the  conditions  are 
constant  during  this  interval,  which  is  impossible  in  an  open  air 
exposure,  and  the  period  will  increase  with  the  percentage  of  thorium 
deposit.  Thus  the  period  depends  to  a  certain  extent  upon  the 
time  of  exposure. 

This  variation  of  the  half-period  has  also  been  observed  by  S.  J. 
Allen.*  A  large  part  of  the  present  investigation  had  been  com- 
pleted before  Allen's  work  appeared.  The  agreement  at  the  two 
localities  is  good  except  that  the  period  varies  between  wider  limits 
at  Berkeley,  an  effect  due  to  two  causes.  The  present  method 
allows  that  observations  be  commenced  sooner  after  the  discharge 
of  the  wire  than  does  that  of  Allen.  This  makes  it  possible,  at 
times,  to  observe  the  activity  due  to  the  very  rapidly  decaying 
radium  A  and  consequently  shortens  the  period  observed.  Greater 
percentages  of  thorium  active  deposit  must  account  for  the  extension 
of  the  other  limit. 

The  agreement  between  the  calculated  values,  assuming  that  the 
excited  activity  is  due  to  radium  and  thorium  and  the  observed 
values,  is  very  good.  After  the  percentage  of  thorium  active  de- 
posit initially  on  the  wire  had  been  calculated,  according  to  the 
method  described  above,  the  curve  /  =  I^^"^  was  plotted,  where 
1 S.  J.  Allen,  Phys.  Rev.,  Vol.  26,  p.  483,  June,  1908. 
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No.  of 
Curve. 


2 
3 

4 
5 

6 
7 
8 

9 

10 
11 

12 
13 
14 
15 
16 

17 


19 
20 
21 
22 
23 
24 
25 
26 


Half- 
Period. 


18     I    44min. 


45  " 
51  ** 
43  - 
90  ** 
56  •' 
36  " 
5J  hrs. 
50  min. 


Per  cent. 

of  Th 
Initially. 


44  min. 

47  ** 
43  *• 

34  ** 

72  ** 

58  " 

48  ** 
66  " 

89  ** 

54  ** 

49  ** 

60  »* 
66  ** 

59  ** 

61  " 
36  ** 

4  hrs. 


1.8 

3.0 
4.0 

6.0 
12.8 

12.8 
22.0 
19.0 

46.0 
32.0 
21.0 

11.0 
29.4 
13.0 
34.0 
26.0 

56.0 

3.8 

2.7 
11.6 

7.2 
? 

9.2 

7.5 
70.3 
11.7 


Time  of 
Exposure. 

Poten. 
tial. 

Remarks. 

3J 

hrs. 

3,300 

Clear,  light  east  wind,  dry. 
Barom.  steady,  nearly  logarithmic. 

4 

(( 

3,300 

ditto. 

3 

(( 

3,600 

North  wind,  clear,  hot,  very  dry, 
nearly  logarithmic. 

3 

(« 

5,000 

North  wind. 

12i 

<< 

4,000 

North  wind,  over-night  exposure, 
with  strong  wind. 

14i 

(( 

4,000 

ditto. 

3 

a 

3,800 

Light  west  wind. 

4 

<( 

3,250 

Light  southwest  wind,  very  clear, 
absolutely  logarithmic. 

5J 

(< 

3,500 

Light  west  wind,  clear. 

3 

(* 

4,500 

Strong  west  wind,  clear. 

3 

<( 

4,500 

Light  north  wind,  good  logarith- 
mic curve. 

3 

(1 

4,800 

ditto. 

12 

(< 

4,000 

North  wind,  strong. 

3 

(( 

4,500 

Still,  clear. 

13 

i( 

>  5,000 

Qear,  west  wind,  light. 

4J 

<( 

4,500 

Cold  and  foggy,  west  wind 
strong. 

13 

«( 

1,500 

Cold  and  foggy,  barom.  low  and 
falling. 

3 

<< 

5,000 

Same,  except  barom.  rising  rap- 
idly. 

3 

<( 

5,000 

ditto. 

3 

" 

1,700 

Cold,  damp,  still. 

3 

<i 

4,000 

ditto. 

12 

(< 

Exposure  with  A.C.  2,200>olts. 

18 

«( 

>  5,000 

North  wind,  very  dry. 

12 

<« 

>  5,000 

ditto. 

22 

(( 

500 

ditto. 

4i 

«( 

4,000 

Just  after  north  wind. 

X  =  .063  and  /  is  expressed  in  hours.  This  gives  the  decay  of  the 
part  of  the  activity  due  to  the  thorium  deposit.  From  the  standard 
curve  for  the  decay  of  radium  A,  B  and  C,  in  an  equilibrium  mix- 
ture the  decay  of  the  part  of  the  curve  due  to  radium  active  de- 
posit was  then  determined,  making  the  calculated  and  experimental 
values  agree  at  the  thirty-minute  point.  The  thorium  and  radium 
excited  activity  decay  curves  were  then  added  together  and  in  prac- 
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0 

_4_ 
110 

X 

35 

15 

3 

« 

ZI 

z8 

24 

I 

182 

64 

"  2  : 

■  ;;, 

6 

5.5 

5.5 

5 

5 

s            1 

188 

115.5 

69.5 

40 

20 

7 

1 

IV 

188 

116 

61 

33 

16 

6 

I 

185 

113 

70 

37 

21 

2.5 

1 

1 

2  " 
^  III 

^.^ 

5 

5 

4.7 

4.5 

4 

190.5 

118 

75 

41.7 

25.5 

6.5  1 

IV 

190.S 

118 

70 

41 

24 

7 

I 

260 

160 

90 

46 

30 

' 

3  " 
^  III 

10 

9.5 

9 

8.5 

8 

1 

i 

270 

169.5 

99 

54.5 

38 

! 

1 

IV 

270 

170 

100 

56 

37 

1 

I 

160 

88 

40 

22 

6 

i 

1 

^  III 

10 

9.8 

9.6 

9.3 

9 

1 

170 

97.8 

49.6 

31.3 

15 

IV 

170 

94 

47 

27 

14 

1 

I 

164 

117 

69 

31 

15 

6 

?   1  0 

0   t  0 

^  III 

24 

23 

22 

21.5 

21 

19 

17   12.3 

6.7   5.0 

188 

140 

91 

52.5 

36 

25 

= 

12.3 

6.7  i  5.0 

IV 

188 

130 

83 

58.0 

40 

28 

20 

12.3 

6.7  i  4.0 

I 

150 

90 

53 

30 

12 

7 

? 

0 

0   i  0 

f.  ^^ 

22 

21 

21 

20 

20 

19 

15 

11 

6    4.8 

^  III 

172 

111 

74 

50 

32 

26 

11 

6   1  4.8 

IV 

172 

110 

71 

54 

40 

28    16 

11 

6 

4.8 

I 

138 

67 

41 

23 

12 

6 

7  " 
^  III 

39 

38 

38 

37 

36 

35 

177 

105 

79 

60 

48 

41 

1 

IV 

177 

105 

77 

58 

48 

41   1 

I 

190 

128 

80 

48 

24 

1 

8  " 
^  III 

46 

44 

43 

42 

40 

236 

172 

123 

90 

64 

1 

IV 

236 

168 

124 

90 

64 

1     i 
1     1 

1 

I 

85 

56 

36 

20 

10 

1 

1 

9" 
III 

73 

71 

68 

66 

64 

158 

127 

104 

86 

74 

IV 

158 

127 

108 

91 

73 

1 

1 

I 

127 

61 

39 

27 

11 

\ 

'» ',!■ 

46 

44 

43 

42 

41 

173 

105 

82 

69 

52 

i 

IV 

173 

106 

82 

61 

51 

I 

153 

87 

54 

30 

15 

! 

11^^ 

^^  III 

40 

39 

38 

37 

36 

1 

> 

193 

126 

92 

67 

51 

1 

I 

IV 

193 

127 

89 

66 

50 

f 
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0 

\ 

X 

U 

I 

53.4 

37 

23 

13 

"i;, 

6.6 

6 

6 

6 

60 

43 

29 

19 

IV 

60 

44 

30 

19 

I 

110 

66 

40 

21 

"  III 

46 

45 

43 

42 

156 

111 

83 

63 

IV 

156 

109 

82 

64 

I 

261 

172 

126 

63 

^^  III 

39 

38 

36 

35 

300 

210 

162 

98 

IV 

300 

210 

148 

100 

I 

173 

93 

55 

32 

"!;. 

97 

94 

91 

88 

280 

187 

146 

120 

IV 

280 

187 

141 

117 

I 

210 

82 

50 

30 

16  " 
^^  III 

74 

72 

69 

67 

284 

154. 

119 

97 

IV 

283 

160 

116 

94 

I 

43 

27 

18 

11 

"!;■ 

55 

54 

53 

50 

98 

81 

71 

61 

IV 

98 

81 

71 

63 

I 

190 

111 

65.5 

32 

18  " 
^*  III 

7.5 

7 

6.5 

6 

197.5 

118 

72 

38 

IV 

197 

118 

68 

38 

I 

214 

136 

76.5 

59 

19" 
^^  III 

6 

6 

5.5 

5 

220 

142 

82 

64 

IV 

220 

142 

82 

64 

I 

152 

88 

54 

30 

^III 

20 

20 

18 

18 

172 

108 

72 

48 

IV 

172 

112 

82 

54 

I 

154 

90 

56 

34 

21  " 

12 

12 

11 

11 

^^  III 

166 

102 

67 

45 

IV 

166 

102 

66 

44 

I 

99 

57 

36 

18 

23" 

^  III 

10 

10 

10 

9  j 

109 

67 

46 

27 

IV 

109 

67 

43 

26 

7 
5.5 

12.5 
13 
11 
41 
52 
54 
39 
34 
73 
73 
17 
86 
103 
103 
14 
65 
79 
80 

6 
48 
54 
56 
17.5 

5.5 
23 
24 
35 

5 
40 
40 
16 
16 
32 
36 
19 
11 
30 
31 

4 

9 
13 
13 


3 

6 

XX 

x8 

M 

2 

5.5 

7.5 

8 

4 

? 

0 

0 

0 

39 

32 

24 

14 

11 

43 

= 

24 

14 

11 

45 

32 

23 

14 

9 

8 

30 

38 

36 

4 

80 

84 

85 

5 

0 

61 

21 

66 

21 

70 

28 

2 

? 

0 

0 

0 

45 

37 

28 

18 

11 

47 

= 

28 

18 

11 

47 

37 

28 

20 

14 

8 

5 

13 

13 

15 

5 

20 

20 

6 

16 

22 

25 

4 

10 

14 

15 

2 

? 

0 

9 

8 

5 

11 

= 

5 

11 

8 

6 
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0 

\ 

I 

14 

s 

3 

6 

II 

It     «4 

I 

185 

83 

55 

31 

14 

3 

? 

0 

24" 

^  III 

1  15 

14 

14 

13 

12 

12 

9 

7.5 

200 

97 

69 

44 

26 

15 

7.5 

IV 

t  200 

97 

62 

40 

26 

14 

9 

7.5 

I 

64 

45 

33 

22 

8 

2 

? 

0 

25  '' 
^  III 

:  151 

145 

.  135 

132 

130 

124 

'  103 

75 

215 

190 

168 

154 

138 

126 

'  = 

75 

1 

IV 

215 

190 

1  170 

155 

142 

127 

:  103 

75 

I 

1  468 

280 

1  174 

101 

47 

14 

0 

0 

1 

^  III 

,  62 

60 

56 

'  53 

51 

48 

i  40 

32 

' 

530 

340 

230 

154 

98 

,  62 

i  40 

32 

IV 

530 

340 

1  230 

154 

98 

60 

1  40 

32 

; 

tically  all  cases  the  agreement  with  the  observed  values  is  closer 
than  the  limit  of  experimental  error. 

Table  II.  shows  the  agreement  between  the  observed  and  calcu- 
lated results.  The  number  at  the  head  of  each  column  refers  to 
the  time,  in  hours,  from  the  end  of  the  exposure.  The  number  at 
the  left  of  each  set  of  four  rows  refers  to  the  number  of  the 
observation.     The  Roman  numerals  are  as  follows  in  each  case : 

I.  is  the  ionization  due  to  the  radium  products ;  II.  is  that  due  to 
the  thorium  products ;  III.  is  the  sum  of  I.  and  II.  and  gives  the 
calculated  activity ;  IV.  is  the  observed  activity.  A  few  curves  are 
given  for  illustration  (see  Figs.  1-8,  illustrating  observations  5,  6, 

II,  12,  17,  18,  19  and  21  respectively). 

The  percentage  of  thorium  excited  activity  varies  between  very 
wide  limits  (see  Table  I.),  the  minimum  obtained  being  1.8,  the 
maximum  70.3  per  cent,  of  the  total  activity.  The  following  gen- 
eral statements  may  be  made  regarding  the  conditions  governing 
the  percentage  of  thorium  excited  activity. 

I.  A  much  larger  percentage  of  thorium  exdted  activity  collects 
on  a  wire  exposed  at  a  low  potential  than  on  one  exposed  at  a  high 
potential  in  the  open  air.  This  point  has  been  thoroughly  tested. 
Rows  20  and  21  of  Table  I.  are  a  fairly  good  illustration  of  this  al- 
though here  the  potential  was  not  varied  greatly.  The  results 
shown  in  row  20  were  obtained  when  the  potential  was  —  1,700 
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Fig.  1. 
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Fig.  5. 
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Fig.  6. 
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Fig.  7. 
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volts,  in  row  2 1  when  it  was  —  4,000  volts.  Atmospheric  conditions 
were  identical  in  the  two  cases  and  the  two  exposures  occupied  a 
total  time  of  only  seven  and  a  half  hours.  Row  20  shows  11.6 
per  cent.,  row  21,  7.2  per  cent,  of  thorium  excited  activity.  Row 
i/shows  an  unusually  high  percentage.  The  low  potential,  — 1,500 
volts  is  partially  responsible  for  this  although  here  other  conditions 
combine  to  cause  the  high  percentage  (see  below).  Row  25  which 
shows  the  highest  observed  percentage,  70.3  per  cent.,  of  thorium 
deposit  is  perhaps  the  most  striking  example.  The  observations 
shown  in  this  row  were  taken  under  conditions  very  similar  to  those 
of  row  23  and  24,  u  e.,  during  a  north  wind,  when  a  low  percentage 
would  be  expected  (see  below).  The  potential  was  very  low,  being 
only  —  500  volts.  The  time  of  exposure  was  long  but  not  greatly 
longer  than  that  of  the  wire  in  observation  No.  23. 

This  fact  contains  the  explanation  of  the  very  large  percentages, 
from  50  to  70  per  cent.,  of  thorium  excited  activity  obtained  at 
Rome  by  Blanc,"  who  used  a  potential  of  only  —  500  volts.  It  has 
long  been  known  that  this  is  not  a  sufficiently  high  potential  to  col- 
lect the  maximum  amount  of  active  deposit  on  a  wire  exposed  in 
the  open  air.  These  percentages,  it  is  true,  were  obtained  with  very 
long  exposures,  and  it  takes  a  little  over  three  days  for  the  thorium 
active  deposit  to  reach  99  per  cent,  of  its  final  value.  It  is  a  very 
simple,  matter  however  to  calculate  the  final  per  cent,  of  thorium 
deposit,  which  would  have  been  collected  on  the  wire  had  equilibrium 
been  reached,  from  the  time  of  exposure  and  the  observed  percent- 
age. Moreover  this  is  a  much  more  reliable  method  as  it  is  very 
unlikely  that  the  percentage  of  thorium  excited  activity  would  not 
change  during  a  three-day  exposure  and  this  would  produce  irregu- 
larities in  the  curve  which  would  militate  against  accuracy.  In 
Table  III.  the  calculated  percentage  of  thorium  excited  activity,  had 
it  reached  an  equilibrium  is  given  under  the  heading  per  cent.  Th. 
Corrected,  and  it  is  here  conclusively  shown  that  there  is  a  very  wide 
variation  in  the  actual  proportion  of  thorium  excited  activity  to  be 
collected  from  the  atmosphere  at  different  times,  the  minimum  being 
10.6  per  cent,  (row  24)  and  the  maximum  76  per  cent,  (row  9). 
Sixteen  out  of  the  twenty-six  values  fall  below  the  minimum  set  by 

»G.  A.  Blanc,  Phil.  Mag.,  13,  p.  378,  March,  1907. 


Digitized  by 


Google 


204 

FREDERIC  A.  HARVEY, 

[Vol.  XXVIII. 

Table  III. 
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9 
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30 

y          Total 
Correcte( 

\A 

13.6 

8 

\ 
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1 

188 

182 

6 

190 

Steady. 

2 

4 

190.5 

185 

5.5 

191 

25 

216 

11.5 

(< 

3 

3 

270 

260 

10 

271 

59 

330 

17.8 

4 

3 

170 

160 

10 

167    1      59 

226 

26.5 

Rising. 

5 

12J 

188 

164 

24 

164          44 

208 

21.2 

6 

14i 

172 

150 

22 

150    '      39 

189 

20.6 

Falling. 

7 

3 

177 

138 

39 

144        230 

374 

61.5 

«< 

8 

4 

236 

190 

46 

196        209 

405 

51.6 

9 

5 

158 

85 

73 

86 

270 

356 

76 

10 

3 

173 

127 

46 

133 

270 

403 

67 

11 

3 

193 

153 

40 

202 

235 

437 

.    54 

Steady. 

12 

3 

60 

53.4 

6.6 

63 

39 
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38.2 
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13 

12 
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110 

46 

156 

87 

243 

35.6 

<( 

14 

3 

300 
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39 

272 
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502 

46.0 

<< 

15 

13 

280 

173 

97 

173        173 

346 

50.0 

<< 

16 

4i 

284 
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74 
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524 

59.0 
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13 

98 

43 

55 
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69.3 

Low  and 
falling. 

18 

3 

197 

122 

7.5 

127    1      44 

171 

25.7 

Rising 
rapidly 

19 

3 

220 

214 

6 

223          35 

258 

13.6 

ditto. 

20 

3 

172 
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20 

158        118 

276 

42.8 

Falling 
slightly. 

21 

3 

166 

154 

12 

160    ;      70 

230 

30.2 

Steady. 

23 

18 

109 

99 

10 

99          19 

118    1 

16.1 

Steady. 

24 

12 

200 

185 

15 

185          22 
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10.6 

Rising. 

25 

22 

215 

64 

151 

64        198 

262   1 

75.8 

(< 

26 

4? 

265 

234 

31 

238        120 

358 

33.6 
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Blanc,  viz.,  50  per  cent.  I  think  that  without  doubt  the  lower  value 
of  the  percentage  of  radium  emanation  given  by  Blanc,  for  Rome, 
compared  with  that  by  Dadourian  *  for  New  Haven  is  due  to  the 
fact  that  Blanc  did  not  use  sufficiently  high  potentials,  rather  than 
the  difference  in  locality. 

An  explanation  of  the  cause  of  the  higher  percentages  of  thorium 
excited  activity  with  low  potential  is  somewhat  difficult  owing  to  the 
imperfect  state  of  our  knowledge  as  to  the  actual  mechanism  of  the 
collection  of  the  active  deposit  on  a  negatively  charged  wire ;  /.  e,, 

'  H.  M.  Dadourian,  Amer.  Jour.  Sc,  25,  p.  335,  April,  1908. 
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why,  when  the  neutral  emanation  expels  a  positively  charged  a-par- 
ticle  it  leaves  behind  a  positive  instead  of  a  negative  charge  on  the 
radium  A  particle.  There  must  be,  it  would  seem,  a  different  rate 
of  diffusion  because  of  which  most  of  the  thorium  A  particles  are 
drawn  to  the  wire  for  a  low  potential  while  it  requires  a  high  poten- 
tial to  exhaust  the  surrounding  air  of  its  radium  transformation 
products. 

2.  The  percentage  of  thorium  excited  activity  is  very  sensitive  to 
barometric  change.  Observations  1 7, 1 8  and  1 9,  represented  by  Figs. 
5,  6  and  7  furnish  a  good  illustration  of  this.  The  potential  is,  it  is 
true,  lower  for  Fig.  5,  but  the  extreme  change  from  69.3  to  13.6  per 
cent,  (see  Table  III.)  of  thorium  deposit  is  not  all  accounted  for  by 
this  difference.  Observations  17  were  taken  just  at  the  end  of  a  long 
continued  barometric  fall,  18  and  19  immediately  afterward  when 
the  barometer  was  rising  rapidly.  The  percentage  decreases  from 
observations  18  to  19,  although  one  was  taken  immediately  after  the 
other  and  conditions  were  exactly  similar.  This  plainly  shows  the 
decrease  of  thorium  excited  activity  during  a  rapid  rise  in  the  barom- 
eter. It  is  to  be  expected  if  we  suppose  the  emanation  to  diffuse 
upward  through  the  soil.  An  increase  of  pressure  would  tend  to 
prevent  the  escape  of  the  emanation  into  the  air  and  as  its  period  is 
so  short,  54  seconds,  the  supply  of  thorium  A  would  be  cut  off  at 
once  and  the  only  active  products  which  it  would  be  possible  to  col- 
lect would  be  the  thorium  A,  B  and  C  already  present  in  the  atmos- 
phere. These  would  of  course  be  decreasing  all  the  time.  The 
radium  emanation,  half-period  3.7  days,  on  the  other  hand,  would 
persist  much  longer  and  keep  up  the  supply  of  radium  A.  It  is 
thus  clear  why  the  percentage  of  thorium  active  deposit  is  decreased 
by  a  sudden  rise  in  the  barometric  pressure. 

3.  Another  fact  of  interest  for  comparison  is  the  following  :  D. 
Pacini,*  finds  for  a  wire  exposed  over  the  Gulf  of  Liguria,  for  nine 
hours,  that  practically  all  the  activity  is  due  to  radium,  with  scarcely 
a  trace  due  to  thorium.  At  Berkeley  the  west  wind  sweeps  directly 
in  through  the  Golden  Gate,  over  the  Bay  of  San  Francisco  and  over 
about  2.4  miles  of  land  to  the  Physics  building,  yet  the  percentages 
of  thorium  excited  activity  are  much  larger  for  this  wind  than  for 

*  D.  Pacini,  N.  Cimento,  15,  p.  24,  January,  1908. 
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any  other.  The  average  of  the  equilibrium  values  of  the  per  cent, 
of  thorium  excited  activity,  from  Table  III.,  for  exposures  7,  8,  9, 
10,  15  and  16,  which  were  made  during  periods  of  west  wind,  is 
60.8  per  cent.  The  average  of  all  other  percentages  except  those 
from  north  wind  exposures  37.9  per  cent.  The  average  of  all  per- 
centages except  for  west  wind  exposures  is  31.7  per  cent.  These 
percentages  prove  that  either  the  air  over  the  Pacific  Ocean  off 
San  Francisco,  does  contain  thorium  emanation  or  that  the  West 
Berkeley  tidal-marshes  have  an  unusually  high  percentage  of  thorium 
salts.  Opportunity  has  not  yet  presented  itself  to  test  the  two  pos- 
sibilities. 

The  initial  activity  on  the  wire  varied  between  very  wide  limits, 
the  maximum  being  as  much  as  seventy  times  the  minimum.  The 
greatest  amount  of  active  material  was  collected  during  a  hot,  dry, 
north  by  east  wind.  This  wind  is  known  in  Berkeley  as  the  **  north 
wind  "  and  is  the  only  strong  land  wind.  It  attains  a  velocity  of 
20  or  30  miles  an  hour  at  times.  There  is  a  large  area  covered  by 
volcanic  springs,  where  Shasta,  Tehama  and  Plumas  counties,  Cali- 
fornia, come  together,  about  1 80  miles  from  Berkeley.  The  north 
wind  crosses  this  area  and  follows  the  course  of  the  Sacramento 
River.  It  seems  very  probable  that  the  increased  activity,  at  such 
times,  is  due  to  radium  emanation  carried  down  from  this  region. 
This  supposition  is  borne  out  by  the  fact  that  the  greatest  activity 
does  not  appear  on  the  first  day  of  the  wind,  which  usually  blows 
three  days,  and  also  by  the  fact  that  the  increase  in  the  activity  is  very 
largely  due  to  radium  products  whereas  there  is  not  a  corresponding 
increase  in  the  activity  due  to  thorium  products.  The  short  life  of 
the  thorium  emanation  would  account  for  this  latter.  Table  III. 
does  not  give  the  actual  initial  values  of  the  activity  on  the  wires 
as  it  is  more  convenient  to  have  comparable  numbers  for  the  pur- 
poses of  plotting,  etc.,  but  it  will  be  seen  that  the  sets  of  observations 
I  to  6,  23  and  24  show  a  low  percentage  of  thorium  excited  activ- 
ity. These  observations  were  taken  during  periods  of  north  wind. 
The  results  shown  by  curve  25  apparently  present  an  exception  to 
this  as  they  also  were  taken  at  the  time  of  a  north  wind  but  here 
the  high  percentage  is  due  to  the  low  potential  as  explained  above. 
The  low  percentage  shown  in  rows  18  and  19  is  also  explained 
above. 
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The  north  wind  is  accompanied  by  very  disagreeable  physiologi- 
cal effects  and  it  has  been  suggested  that  these  may  be  due  to  the 
abnormally  large  amounts  of  radium  emanation  in  the  air.  Experi- 
ments on  the  effect  of  radium  emanation  on  animal  life  would  be 
comparatively  easy  to  try  and  might  yield  some  interesting  results. 

The  north  wind  is  also  accompanied  by  a  rise  in  temperature  and 
low  relative  humidity.  Ordinarily,  at  Berkeley,  the  relative  humidity 
varies  from  80  to  90  per  cent.,  but  at  these  times  it  may  fall  as  low 
as  50  per  cent. 

The  south  wind  is  also  a  land  wind,  but  is  not  accompanied  by 
nearly  such  large  amounts  of  active  material.  The  relative  humid- 
ity is  so  high  that  insulation  is  maintained  with  extreme  difficulty 
and  measurements  hard  to  make. 

The  lowest  activity  accompanies  the  wind  from  the  west,  /.  ^., 
from  the  ocean.  Here  also  the  relative  humidity  is  high.  The  ex- 
periments of  Elster  and  Geitel  *  showing  that  the  greatest  amount 
of  active  deposit  was  collected  during  a  fog  are  not  borne  out  at 
Berkeley.  The  fog  here  is  not  a  land  fog  but  is  blown  in  from  the 
ocean  and  is  accompanied  by  a  very  low  activity.  The  greatest 
amount  of  active  material  is  collected  when  the  relative  humidity  is 
low,  i,  e.,  when  there  is  a  north  wind  as  stated  above.  Attempts 
to  discover  a  direct  relation  between  humidity  and  amount  of  active 
deposit  have  not  been  successful  as  might  be  predicted  since  too  many 
disturbing  conditions  enter. 

The  variation  in  temperature  is  so  small  at  Berkeley  that  no 
effects  due  to  it  have  been  observed. 

The  statement  is  very  generally  made  that  "the  height  of  the 
barometer  was  found  to  exert  a  very  marked  influence  on  the  amount 
of  excited  activity  to  be  derived  from  the  air.*"  This  appears  to  need 
correction  in  its  statement  though  not  in  its  interpretation.  It  is 
not  the  actual  atmospheric  pressure  which  has  an  effect  on  the 
amount  of  active  material  but  the  history  of  the  barometer  for  a  few 
hours  previous  to  and  during  the  exposure.  It  has  already  been 
shown  that  a  sudden  rise  in  the  barometer  will  cause  a  change  in 
the  relative  amounts  of  thorium  and  radium  deposits  but  not  very 

>  Elster  and  Geitel,  Phys.  Zeitschr.,  4,  p.  522,  1903. 
<  Rutherford,  Radioactivity,  second  edition,  p.  518. 
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much  change  in  the  total  amount  of  material  collected.  A  long 
continued  low  barometer  usually  causes  an  increase  in  the  amount 
of  active  material  collected  but  the  north  wind,  which,  as  has  been 
said,  brings  the  greatest  amount,  is  almost  always  accompanied  by 
a  steady,  high  barometer. 

It  appeared  from  the  earlier  experiments  that  an  uncharged  wire 
did  not  collect  a  measurable  amount  of  active  deposit.  This  was 
true  for  a.wire  suspended  near  the  Physics  building  and  running 
parallel  to  its  walls.  In  the  later  experiments  a  wire  was  stretched 
across  the  roadway,  near  the  building,  and  it  was  found  that  con- 
siderable quantities  of  dust  were  collected.  The  uncharged  wire  was 
therefore  tested  again  after  an  exposure  of  some  48  hours  and  a 
slight  activity  detected.  This  result  again  agrees  with  the  work  of 
Allen  (loc.  cit)  on  the  Radioactivity  of  a  Smoke-Laden  Atmosphere. 
It  appears  that  the  active  particles  collect  on  the  dust  or  smoke 
particles  which  in  turn  collect  on  the  wire.  No  such  large  amounts 
as  Allen  speaks  of  were  at  any  time  collected.  A  positively  charged 
wire  showed  no  signs  of  activity  after  a  twelve-hour  exposure.  A 
wire  connected  to  one  terminal  of  a  2,200  volt  alternating  current 
circuit  while  the  other  terminal  was  earthed  showed  more  activity 
than  an  uncharged  wire  and  less  than  one  charged  negatively  to 
the  same  potential. 

In  order  to  determine  whether  the  fact  that  the  wire  is  charged 
during  an  exposure  has  any  effect  on  the  period  of  transformation 
of  the  particles  which  collect  on  it  the  following  experiments  were 
tried.  Two  wires  were  exposed,  side  by  side,  charged  to  the  same 
negative  potential  for  five  hours.  At  the  end  of  this  time  they 
were  brought  in  and  the  activity  of  one  of  them  tested.  The  other 
was  coiled  in  a  convenient  shape  and  hung  in  a  bell-jar  of  small 
capacity,  where  it  was  maintained  at  the  same  negative  potential  it 
had  when  exposed.  After  two  and  a  half  hours  its  activity  was 
tested  and  it  was  found  to  continue  the  curve  of  decay  from  the 
earlier  wire  without  discontinuity.  The  experiment  was  repeated 
maintaining  the  wire  when  in  the  bell -jar  positively  charged,  with 
the  same  result  as  for  the  negative  charge.  This  shows  that  the 
charge  on  the  wire  does  not  have  any  effect  on  the  period  of  trans- 
formation.   The  result  might  again  have  been  predicted  as,  accord- 


Digitized  by 


Google 


No.  3.]  ATMOSPHERIC  RADIOACTIVITY,  2O9 

ing  to  the  theory  of  radioactive  transformations,  no  force  of  finite 
magnitude  can  alter  the  period  of  transformation. 

Curves  of  the  shape  shown  in  Figs.  6  and  7,  consisting  at  first 
of  a  convex  upward  part,  are  very  similar  to  those  called  class  2  by 
S.  J.  Allen  {loc,  cit,\  I  have  found  that  a  curve  of  this  type 
almost  always  results  from  an  exposure  made  while  the  barometer 
is  rising,  and  seldom  from  an  exposure  made  under  any  other  con- 
ditions. It  is  to  be  expected  that  a  change  in  the  barometric 
height  would  cause  a  change  in  the  supply  of  emanation  and  hence 
a  change  in  the  equilibrium  value  of  the  mixture  of  products  and 
hence  an  irregularity  in  the  shape  of  the  curve. 

Observations  Made  in  Denver. 

During  June  and  July,  1906,  some  measurements  of  the  active 
deposit  obtained  from  the  atmosphere  were  made  in  Denver,  Colo- 
rado, and  as  I  am  not  aware  of  any  published  results  from  this 
locality  they  are  given  here. 

The  exposed  wire  was  of  copper,  No.  18  B.  and  S.  gauge  about 
12  meters  in  length  and  three  meters  from  the  ground.  The 
potential  was  maintained  by  means  of  a  water-dropper.  After  an 
exposure  the  wire  was  wound  in  the  form  of  a  helix  and  intro- 
duced into  an  aluminium-leaf  electroscope,  where  the  rate  of  decay 
was  followed  by  the  method  la,  described  above. 

The  results  do  not  differ  essentially  from  those  obtained  at 
Berkeley  except  as  to  the  effect  of  the  direction  of  the  wind.  The 
greatest  amount  of  active  deposit  was  collected  at  the  time  of  a 
high  northwest  wind  but  as  this  was  the  only  strong  wind  during 
the  two  months  over  which  the  observations  were  extended,  the 
direction  cannot  be  regarded  as  having  any  very  great  importance. 
The  amount  of  active  material  collected  does  not  differ  appreciably 
at  the  two  places.  Percentages  of  thorium  excited  activity  and  the 
half-period  vary  between  about  the  same  limits. 

The  observations  were  brought  to  an  end  by  the  maturing  of  the 
seed-pods  on  the  cotton-wood  trees.  The  blowing  of  the  cotton 
made  insulation  a  matter  of  extreme  difficulty. 

Of  the  exposures  made,  nine  yielded  useful  results.  The  tables 
corresf>onding  to  Tables  I.  and  III.  follow. 
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No.  of 
Curve.  ' 


Half. 
Period. 


Per  cent.  •    Time  of    I  i 

of  Th      I  E™:«r.     Potential. ! 


Initially. 


Exposure. 


Remarks. 


I  High  west  wind, 
ditto.     Short  period  due  to  Ra.  A. 
Very  high  northwest  wind. 
Clear,  still. 

ditto. 

ditto. 

ditto. 
Cloudy,  still. 
Light  east  wind,  clear,  short  period 

due  to  Ra.  A. 


Table  D-III. 


No.  of 

!  Hours  of 

Total 

1     Due 

Due 

Curve. 

;  Exposure. 

Activity. 

toRa. 

toTh. 

D-3 

15    hrs. 

540 

270 

270 

D-4 

4      *' 

130 

95 

35 

D-5 

1    4      " 

127 

109.6 

17.4 

D-6 

3}    *' 

180 

165.6 

14.4 

D-7 

4      " 

400 

384 

16 

D-8 

3      «* 

440 

429 

11 

D-9 

3}    " 

380 

323 

57 

Ra   I   Th 
Correc.  ,  Correc. 


270 
98 
113 
173 
396 
452 
334 


440 
159 
79 
72 
73 
65 
317 


ToUl 
Correc. 


710 
257 
192 
245 
469 
517 
651 


Per  cent. 
Th  Cor- 
rected. 

62.0 
62.0 
4L0 
29.4 
15.6 
12.5 
48.7 


Range  of  the  a-PARXicLES  from  the  Active  Deposit 
AND  FROM  Radium  B. 

It  seemed  desirable  as  a  further  proof  that  the  active  deposit  col- 
lected on  a  negatively  charged  wire  exposed  in  the  open  air  con- 
sists of  radium  and  thorium  transformation  products,  to  test  the 
range  of  the  a-particles.  It  was  thought  that  the  method  proposed 
by  Bragg  *  for  a  feebly  active  product  might  be  used,  for,  as  has 
been  shown,  wires  can  be  obtained  with  a  very  low  percentage  of 
thorium  excited  activity  and  this  amount  might  be  calculated  and 
the  proper  correction  made.  The  method  measures  the  range  in 
terms  of  the  stopping  power  of  a  screen  of  variable  thickness  cover- 
ing the  active  substance.  A  wire  was  therefore  exposed,  the  active 
deposit  rubbed  off  with  a  piece  of  absorbent  cotton  moistened  with 
ammonium  hydroxide,  a  treatment  which  will  further  reduce  the 

MY.  H.  Bragg,  Phil.  Mag.,  il,  p.  754,  June,  1906. 
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percentage  of  thorium  active  deposit  as  this  deposit  is  less  soluble  in 
ammonium  hydroxide  than  that  of  radium.  The  cotton  was  then  in- 
cinerated, the  residue  spread  in  as  thin  a  layer  as  possible  and  its  activ- 
ity tested,  first  when  the  ionization  chamber  was  directly  exposed  to 
its  influence  and  then  as  very  thin  sheets  of  aluminium  foil  were 
placed  over  it.  Readings  were  frequently  taken  with  the  naked  de- 
posit to  obtain  data  from  which  the  decay  curve  could  be  plotted. 
The  time  of  all  readings  was  recorded.  The  result  obtained  was  very 
unexpected.     Fig.  9  plainly  shows  the  presence  of  a  radiation  which 


Fig.  9. 

is  completely  absorbed  by  from  6  to  10  layers  of  aluminium  foil. 
It  is  evident  at  once  from  the  curve  that  agreement  among  separate 
calculations  of  the  full  range  cannot  be  expected  by  Bragg's  method. 
The  characteristic  shown  in  the  tables  given  by  him,  i,  e,,  an  increase  in 
the  value  of  the  product  pd,  i.  e,,  density  times  thickness,  for  full 
range,  as  the  thickness  of  the  foil  was  increased  was  shown  to  a 
very  marked  degree.     Calculations  for  the  range  are  all  smaller  than 
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would  be  expected  and  the  calculation  from  the  foil  of  greatest 
thickness  gives  a  little  less  than  one  half  the  range  of  radium  C. 

The  recent  work  of  S.  J.  Allen  ^  explains  this  value.  He  has 
tested  the  range  of  the  a-rays  from  the  active  deposit  obtained  from 
the  atmosphere  and  has  shown  that  "  where  the  rays  are  allowed 
to  emerge  in  all  directions  to  the  normal  the  position  {of  maximum 
ionization)  is  much  less  than  the  range  of  the  particle,  being  roughly 
one  half."  The  above  result  is  in  agreement  with  this  statement  by 
Allen. 

The  product,  pd^  of  the  foil  used  to  obtain  the  data  for  Fig.  9, 
was  6.47  X  io~*  for  each  sheet.  Using  the  value  of  the  stopping 
power  of  aluminium  foil,  in  terms  of  air,  given  by  Bragg,  viz.,  foil 
for  which  ^rf=  .00329  is  equivalent  to  2.30  cm.  of  air,  calculation 
shows  that  the  easily  absorbed  radiation  would  be  completely 
stopped  by  between  2.7  and  4.5  mm.  of  air.  The  values  of  the 
stopping  power  of  aluminium  foil  obtained  by  S.  J.  Allen  {loc,  cii.) 
agree  very  well  with  that  of  Bragg,  and  show  that  it  is  about  the 
same  for  rays  from  radium  C,  thorium  and  uranium.  It  is  to  be 
seen  from  Fig.  9  that  nearly  half  of  the  ionization  produced  by  the 
naked  deposit  is  due  to  this  easily  absorbed  radiation.  The  curve 
has  been  corrected  for  the  natural  decay  of  the  deposit  and  the 
ionization  chamber  was  made  deep  enough  to  allow  the  a-particles 
from  radium  C  and  thorium  C  to  run  their  full  course. 

It  was  of  course  desirable  to  determine  which  of  the  several  com- 
ponents of  the  active  deposit  gives  off  this  easily  absorbed  radiation. 
To  do  this,  first,  a  wire  was  exposed  for  a  long  time  in  the  open  air 
in  order  to  obtain  a  large  amount  of  thorium  active  deposit.  This 
deposit  was  allowed  to  stand  for  six  hours  before  any  tests  were 
made,  during  which  time  all  the  radium  products  transformed  into 
the  inactive  radium  D.  The  data  for  an  absorption  curve  were  then 
obtained  by  adding  layers  of  aluminium  foil  and  taking  readings  of 
the  ionization.  The  absorption  curve,  corrected  for  the  natural 
decay,  showed  no  trace  of  the  easily  absorbed  radiation.  The  radia- 
tion, then,  cannot  be  due  to  thorium  A  nor  any  of  its  successive 
transformation  products.  This  result  was  expected  as  Fig.  9  shows 
such  a  large  part  of  the  total  ionization  to  be  cut  off  by  the  first  ten 
sheets  of  foil. 

»S.  J.  Allen,  Phys.  Rev.,  XXVII.,  p.  294,  October,  1908. 
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A  wire  was  next  exposed  to  radium  emanation  and  the  absorption 
curve  obtained  as  before.  The  characteristic  inflection  reappeared. 
It  is  not  quite  so  marked  as  in  the  case  of  the  atmospheric  curve 
but  it  is  evident  that  part,  if  not  all,  of  the  easily  absorbed  radiation 
comes  from  radium  excited  activity. 

Four  curves  were  then  obtained  which  were  so  timed  that  the  in- 
flection point  should  come  at  30,  50,  60  and  140  minutes  from  the 
time  of  discharge  of  the  wire.  The  point  of  inflection  is  most 
marked  in  the  first,  less  so  in  the  second,  still  less  in  the  third  and 
does  not  appear  at  all  in  the  fourth.  Radium  A  has  all  transformed 
before  the  beginning  of  the  observations,  u  e.,  in  about  ten  minutes. 
The  activity  after  about  two  hours  is  almost  entirely  due  to  radium 
C.  The  easily  absorbed  radiation  cannot  then  be  due  to  either  of 
these  and  must  therefore  be  due  to  radium  B. 

An  effort  was  then  made  to  measure  directly  the  range  of  this 
radiation.  Two  methods  of  attack  at  once  present  themselves. 
The  slit  or  bundle  of  tubes  necessary  to  get  rid  of  all  except  the 
normal  rays  may  be  dispensed  with,  since  the  distances  used  are  so 
very  small.  Or  the  pressure  of  the  gas  in 
which  the  a-rays  travel  may  be  reduced  to  about 
one  tenth  atmosphere,  when  the  distances  will 
become  large  enough  for  the  usual  method. 
The  first  method  was  used  for  two  reasons. 
First,  apparatus  was  at  hand  with  only  slight 
alteration  and,  second,  the  radium  bromide  at 
present  available  is  so  weak  as  to  make  it  desir- 
able to  utilize  all  the  radiation  possible.  The 
results  give  justification  for  the  first  method. 
The  apparatus  is  shown  in  section  in  Fig.  10 
and  does  not  differ  from  the  ordinary  form,  used 
for  these  measurements,  except  in  two  points- 
First,  as  has  been  said,  the  bundle  of  tubes 
limiting  the  rays  which  reach  the  ion-trap  to 
those  shot  off  normally,  was  dispensed  with.  Secondly,  a  sheet  of 
very  thin  aluminium  foil  {B-C,  Fig.  10)  was  stretched  tightly  just 
below  the  plate  A,  connected  with  the  electrometer.  This  sheet 
of  foil  was  equivalent  to  about  0.5  mm.  of  air.     It  prevents  the 
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diffusion  of  ions  from  below  and  at  the  same  time  lets  through 
more  a-particlcs  than  a  wire  gauze.  The  plate  A  was  set  as  close 
to  the  aluminium  foil  as  possible  without  increasing  the  capacity  of 
the  system  so  much  as  to  cause  a  large  decrease  in  sensitiveness. 
The  final  distance  used  was  about  7  mm.     The  plate  was  about  8 


Fi^  11. 

cm.  in  diameter.  It  is  necessary  to  stretch  the  aluminium  foil 
tightly  as  otherwise  the  attraction  between  the  charged  surfaces 
causes  an  alteration  of  the  position  of  the  aluminium  foil. 

The  experimental  curves  obtained,  as  the  distance  of  the  wire, 
placed  on  the  Table  D,  below  the  aluminium  foil,  was  altered,  are 


■5 


1    d 


Fig.  12. 

of  the  characteristic  shape  of  those  showing  the  range  of  a-particles, 
except  at  the  very  lower  part  (see  Figs.  1 1  and  1 2).  The  cause 
of  the  departure  from  the  usual,  dotted  form,  is  easily  explained. 
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Theory  requires  that  the  ion-trap  shall  be  shallow  in  comparison 
with  the  range  of  the  a-particles.  This  is  realized  for  the  upper 
part  of  the  curve  where  the  a-particles  from  radium  C  produce  the 
ionization.  Hence  the  curve  takes  the  usual  form  for  this  part, 
and  for  the  part  where  the  short  range  particles  just  begin  to  reach 
the  ion-trap.  As  the  distance  is  further  diminished  however  the 
short  range  particles  produce  more  and  more  ionization.  When  the 
wire  touches  the  aluminium  foil  they  run  their  full  range  and  hence 
produce  the  greatest  ionization.  The  figures  show  that  the  easily 
absorbed  radiation  has  a  range  between  2.6  and  3.0  mm.  in  air 
under  normal  conditions.  The  curves  are  plotted  from  the  follow- 
ing data,  corrected  for  the  natural  decay  of  the  active  material,  and 
for  the  absorption  by  the  thin  sheet  of  aluminium  foil. 

Distance 

in  mm.  0.5       1.5      2.5       3.5       4.5       5.5       6.5      7.5      8.0       8.5      10.5 

Ionization 

Fig.  II.        800      545      495      267      260      263      290      290  325     375 

Ionization 

Fig.  12.        860      560      520      360      370      380  400  500 

Summary. 

1.  The  half  period  of  decay  is  not  constant  but  varies  from  thirty 
minutes  to  five  and  a  half  hours. 

2.  Agreement  between  the  experimental  results  and  those  calcu- 
lated on  the  basis  of  a  mixture  of  thorium  and  radium  products  is 
closer  than  the  limit  of  experimental  error. 

3.  The  percentage  of  thorium  excited  activity  for  an  equilibrium 
mixture  varies  between  10.6  and  76.0  per  cent,  of  the  total. 

4.  Percentages  of  thorium  excited  activity  depend  upon  the  fol- 
lowing conditions :  {a)  A  wire  exposed  at  a  low  potential,  —  500 
volts,  collects  a  much  larger  percentage  than  one  exposed  at  a  high 
potential,  —  5,000  volts  or  over,  {b)  The  percentage  is  very  sensi- 
tive to  barometric  change,  {c)  The  west  wind  is  accompanied  by 
the  largest  percentage,  indicating  that  the  air  over  the  Pacific 
Ocean,  off  San  Francisco,  contains  thorium  emanation  or  that  the 
tidal  marshes  over  which  the  wind  comes  have  an  unusually  high 
percentage  of  thorium  salts. 

5.  The  greatest  amount  of  active  material  is  collected  on  days 
when  there  is  a  north  wind. 
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6.  Variation  in  atmospheric  pressure  and  not  actual  barometric 
height  affects  the  amount  collected. 

7.  Curves  which  have  initially  a  convex  upward  part  are  obtained 
when  an  exposure  is  made  while  the  barometer  is  rising. 

8.  The  active  deposit  obtained  at  Denver,  Colorado,  does  not  differ 
appreciably  from  that  obtained  at  Berkeley,  California. 

9.  Results  on  the  range  of  the  a-particles  from  the  active  deposit 
are  in  agreement  with  those  obtained  by  S.  J.  Allen  for  the  long 
range  rays. 

10.  The  short  range  a-particles  given  off  by  the  active  deposit 
are  due  mainly  if  not  entirely  to  radium  B. 

11.  Nearly  half  the  ionization  produced  by  the  deposit  obtained 
from  an  open-air  exposure  is  due  to  a-rays  which  have  a  range  of 
between  2.7  and  3  mm.  in  air,  under  ordinary  conditions  of  tem- 
perature and  pressure. 

In  conclusion  I  wish  to  thank  Professor  E.  P.  Lewis  for  his  un- 
failing interest  and  kindness  during  the  course  of  my  investigations. 
University  of  California, 
November  15,  1908. 
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TELEPHONE  RECEIVER   IMPEDANCE. 
By  Roy  T.  Wells. 

SEVERAL  investigations  have  been  made  on  the  variation  of  the 
sensibility  of  the  telephone  receiver  with  the  frequency  of  the 
current  flowing  in  it.  Rayleigh  ^  and  Wien  *  examined  telephones 
with  regard  to  their  current  sensibility,  measuring  the  least  current 
that  would  produce  audible  sound  at  different  frequencies,  and 
Austin'  with  regard  to  the  volt  sensibility,  measuring  the  least  im- 
pressed electro-motive  force  that  would  produce  audible  sound  at 
different  frequencies.  A  curve  of  either  sort  can  be  converted  into 
one  of  the  other  if  the  impedance  of  the  telephone  at  the  different 
frequencies  is  known.  Austin  in  his  paper  gave  the  resistance  and 
inductance  at  loo  and  gcxD  cycles  per  second. 

Since  a  critical  study  of  the  telephone  offers  one  of  the  promising 
fields  for  wireless  telegraph  development,  it  has  seemed  worth  while 
to  examine  more  carefully  the  variation  of  resistance,  inductance 
and  impedance  with  frequency. 

The  method  used  was  to  measure  the  resistance  and  inductance 
directly  and  at  the  same  time  by  the  Maxwell  bridge  method,  as 
used  by  the  writer  in  earlier  work.*  No  attempt  was  made  to  de- 
velop the  mathematical  theory,  which  would  be  very  complicated. 
The  results,  however,  might  be  expected  to,  and  do,  agree  in  a  general 
way  with  those  found  theoretically  and  experimentally  for  a  long 
solenoid  enclosing  a  conducting  core,  in  the  paper  by  the  writer  re- 
ferred to  above. 

A  variable  standard  of  inductance  was  loaned  by  Prof.  A.  G. 
Webster,  of  Clark  University,  and  Prof.  W.  L.  Hooper,  of  Tufts 
College,  opened  his  laboratory  for  the  work,  providing  power  and 

'Philosophical  Magazine,  38,  p.  294,  1894. 

*  Annalen  der  Physik,  4,  p.  450,  1901. 

•Bulletin  of  the  Bureau  of  Standards,  Vol.  5,  No.  i,  p.  153,  1908. 

*  Physical  Review,  Vol.  26,  No.  5,  p.  337,  1908. 
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Other  apparatus.  Mr.  Munro,  of  Tufts  College,  was  of  great  assist- 
ance in  the  work.  The  current  supply  was  taken  from  a  motor- 
driven  alternator,  giving  any  frequency  up  i,ooo  cycles  per  second. 
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Two  telephones  were  examined  in  detail.  No.  i  was  one  ol  a 
pair  of  head  telephones  made  for  use  as  a  wireless  telegraph  receiver. 
Its  direct-current  resistance  was  531.6  ohms.     No.  2  was  a  watch 
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Fig.  2. 

case  receiver,  picked  out  at  random  in  the  Tufts  College  apparatus 
room.  Its  direct-current  resistance  was  132.2  ohms.  Measure- 
ments made  are  given  in  Table  I.,  the  columns  being  headed  /,  R 
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and  L,  which  signify  respectively  frequency  in  cycles  per  second, 
resistance  in  ohms  and  inductance  in  milli-henrys. 


Table  I 

• 

/ 

No.  X. 

No.  a. 

R                                L               \ 

R 

L 

0 

531.6 

132.2 

180 

550     '     94.3 

155 

95.0 

274 

575          83.3 

155 

87.0 

415 

605          75.2 

180 

84.0 

674 

650          63.0 

205 

74.5 

745 

665          62.0     1 

220 

74.5 

748 

675          64.5 

230 

75.2 

950 

665 

54.5 

230 

67.0 

954 

680 

55.0 

245 

68.0 

Table  II. 



No.  X. 

R 

No.  3. 
L 

/ 

R 

!     ^ 

z 

z 

0 

531.6 

531.6     132.2 

132.2 

50 

534 

105.3 

535.0 

137, 

103.8 

140.8 

100 

539 

1   100.4 

542.7 

140 

99.4 

153.3 

150 

545 

;    95.6 

552.4 

144 

96.0 

170.1 

200 

553 

91.2 

564.7 

150 

93,0 

190.1 

250 

562 

87.1 

578.4 

156 

90.4 

210.9 

300 

573 

83.3 

594.2 

163 

88.0 

232.6 

350 

586 

79.7 

611.6 

170 

85.8 

254.0 

400 

598 

76.5 

628.3 

178 

84.0 

276.1 

450 

610 

73.6 

644.5 

185 

82.3 

297.3 

500 

621 

71.0     659.8 

193 

80.7 

318.7 

550 

632 

;   68.8     675.2 

202 

79.0 

339.6 

600 

643 

66.8     690.5 

209 

77.4 

358.9 

650 

653 

64.8 

704.6 

215 

75.9 

377.2 

700 

660 

62.9     715.6 

221 

74.4 

395.4 

750 

667 

61.2   !   726.6 

226 

73.0 

411.8 

800 

671 

1    59.5     734.6 

231 

71.6 

427.6 

850 

673 

58.0     740.8 

234 

70.2 

441.9 

900 

675 

56.5     746.8 

237 

68.8 

455.6 

950 

675 

55.2     751.0 

240 

67.5 

469.0 

1000 

675 

53.9     755.4 

241 

66.2 

480.8 

From  this  table  the  resistance  and  inductance  curves  of  Figs,   i 
and  2  were  plotted,  Figs,  i  and  2  applying  to  telephones  nos.  i 
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and  2  respectively.  From  the  curves  the  values  of  resistance  and 
inductance  at  frequencies  up  to  i,oob  cycles  per  second  by  steps  of 
SO  cycles  were  taken,  and  from  the  values  the  impedance  Z  was 
calculated  in  ohms.  The  results  are  given  in  Table  II.  and  the 
impedance  curves  plotted  in  Figs,  i  and  2. 

It  will  be  noticed  that  the  resistance  and  inductance  tend  toward 
a  limiting  value,  while  the  impedance  of  course  will  increase  indefi- 
nitely with  the  frequency. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Note  on  Spherical  Aberration.^ 
By  W.  S.  Franklin. 

THERE  is  much  confusion  at  present  in  the  terminology  which  re- 
lates to  spherical  aberration,  and  the  publication  of  the  interesting 
photograph,  Fig.  i,  gives  an  opportunity  for  calling  attention  thereto. 

It  would  be  seem  to  be  desirable  to  use  the  general  term  spherical  aber- 
ration for  all  those  imperfections  of  a  lens  which  lead  to  the  production 
of  non-spherical  wave  fronts.  A  very  narrow  pencil  of  rays  passing 
through  a  lens  parallel  to  the  axis  of  the  lens  is  not  subject  to  spherical 
aberration  because  in  the  first  place  the  transmitted  waves  are  symmetrical 


Fig.  1. 

about  the  axis  (equal  curvature  in  every  direction),  and  in  the  second 
place  the  transmitted  waves  are  so  small  that  they  cannot  be  distinguished 
from  sectors  of  a  spherical  surface.     A  broad  beam  of  rays,  however,  is 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
October  24,  1908. 
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subject  to  spherical  aberration  when  it  passes  through  a  lens  parallel  to 
the  axis  of  the  lens.  A  narrow  pencil  of  rays  which  passes  obliquely 
through  a  lens  becomes  a  well-defined  astigmatic  pencil,  and  a  broad  ob- 
lique pencil  or  beam  of  rays  is  very  greatly  confused  by  a  simple  lens. 

There  are,  therefore,  three  kinds  of  spherical  aberration,  namely,  {a) 
spherical  aberration  of  a  broad  pencil  of  rays  which  emanates  from  a 
point  in  the  axis  of  the  lens,  (3)  spherical  aberration  of  a  narrow  oblique 
pencil  of  rays,  and  (r)  spherical  aberration  of  a  broad  oblique  pencil  or 
beam  of  rays.  The  first  is  called  axial  spherical  aberraiiotiy  the  second 
is  called  astigmatism^  and  the  third  is  called  oblique  spherical  aberration^ 
or  coma. 

The  character  of  axial  spherical  aberration  is  beautifully  shown  by  the 
accompanying  Fig.  i.  A  broad  beam  of  parallel  rays  passes  through  a 
moderately  short-focus  plano-convex  lens,  as  indicated  by  the  sketch  lines 
in  the  figure,  the  region  behind  the  lens  is   filled  with  smoke,  and  a 


^^*^ 


Fig.  2. 


photograph  of  this  illuminated  smoke  is  taken.  Ordinarily  the  caustic  of 
a  mirror  or  lens  is  thought  of  as  a  single  surface,  that  is,  a  surface  having 
a  single  sheet.  As  a  matter  of  fact,  however,  a  caustic  surface  is,  in 
general,  a  surface  of  two  sheets  inasmuch  as  a  wave  front  has  generally 
two  radii  of  curvature  at  each  point.  When  a  wave  front  is  a  surface  of 
revolution  one  sheet  of  the  caustic  surface  reduces  to  a  line  (the  axis  of 
revolution).  Thus,  in  Fig.  i,  the  curved  outline  of  the  beam  is  one 
sheet  of  the  caustic  surface,  and  the  brilliant  line  of  light  along  the  axis 
is  the  other  **  sheet  "  of  the  caustic  surface.  This  brilliant  line  of  light 
is  formed  by  the  focusing  of  the  light  at  different  distances  from  the  lens 
by  the  different  zones  of  the  lens. 
Fig.  2  shows,  exactly  one  quarter  size,  a  lens  LL  set  obliquely  to  a 
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beam  of  parallel  rays,  and  Figs.  3dr  and  3^  show  the  spots  of  light  which 
are  produced  upon  photographic  plates  placed  at  AB  and  A' B\  respec- 
tively, in  Fig.  2.  The  sharp  distinction  between  astigmatism  (that  is, 
sspherical  aberration   of  a  narrow   oblique  pencil)    and  coma  may  b 


Fig.  3a. 


Rg.  3b. 


hown  in  a  very  striking  way  by  covering  the  lens  LL  in  Fig.  2  by  ac 
cardboard  with  a  small  hole  at  its  center,  when  the  spots  of  light  shown 
in  Figs.  3«  and  3^  reduce  to  the  two  sharply-defined  lines  CCand  DD 
in  Figs.  4^  and  4^. 


Fig.  4a. 


Fig.  4b. 


The  Theory  of  Coupled  Circuits.^ 
By  Louis  Cohen. 

WITHIN  the  last  few  years  several  eminent  physicists  have  made 
valuable  contributions  to  the  discussion  of  the  theory  of  coupled 
circuits,  but  to  my  knowledge  none  of  them  succeeded  in  giving  the  com- 
plete solution  of  the  problem.  They  had  to  resort  to  some  method  of 
approximation  in  one  form  or  another. 

The  main  difficulty  involved  in  the  solution  of  this  problem  is  that  it 
is  necessary  to  obtain  the  four  roots  of  a  biquadratic  equation.  Theo- 
retically, it  is  of  course  possible  to  do  so,  but  practically  the  task  is 
rather  difficult,  particularly  so  in  this  case  where  it  happens  that  the  vari- 
ous coefficients  are  complicated  functions  of  the  constants  of  the  circuits. 

I  have  succeeded  in  developing  a  method  which  enables  me  to  avoid 

*  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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this  difficulty  entirely.  In  place  of  the  biquadratic,  I  can  reduce  the 
problem  to  two  simple  quadratic  equations.  Furthermore,  all  previous 
investigators  limited  themselves  to  the  discussion  of  the  case  of  electro- 
magnetic coupling,  and  the  case  of  direct  coupling  has  been  ignored 
entirely.  My  method,  however,  enables  me  to  obtain  the  complete 
solution  of  both  cases. 

The  work  involved  in  the  development  of  the  theory  is  necessarily  com- 
plicated, and  it  will  not  be  possible  to  give  in  an  abstract  even  an  out- 
line of  the  method  adopted,  so  I  shall  merely  limit  myself  in  giving  the 
final  results  obtained. 

If  we  designate  by  V^  and  V^  the  potentials  at  any  instant  in  the 
primary  and  secondary  circuits  respectively,  then  we  shall  have  for  the 
case  of  electromagnetic  coupled  circuits 

V^  =  {Zr/-«i'  -  H^e-^]  cos  \t  4-  (ZT/-*!'  -  H^i-^'\  cos  XJ, 
V^  =  H^  {r^y^  -  e-^^]  cos  V  4.  H^  {^-«i'  —  e-^\  cos  Xj. 

The  constants  ZTj  to  H^  are  somewhat  complicated  functions  of  the 
constants  of  the  circuits  and  their  values  will  be  given  in  the  complete 
paper  which  will  soon  be  published.  The  values  of  the  damping  factors 
are  as  follows : 


Aj  and  X^  are  the  frequency  constants  and  their  values  are  given  by  the 
following  equations : 


2(a,a,  -  ///,)««  -f  {a^b^  +  a^b^)a  +  (^,  +  a^) 


K-P- 


2  (a,a, -<//,) 


2(a,a.  -  «'/,)«'  +  (a/,  +  a,^,)a  +  («,  +  a,) 


I  -  t/^/,  {(^7+  3,)a  -  2}'  +  2{(V  -  a,/».)'  +  ^/,(3.-^.)'}a' 

The  various  letters  used  have  the  following  significance  : 
a^^L.C,,  b^^R^C,,  d.^MC, 
a,^L,C,,  b,^R,C,,  d^^MC, 

where  Z^,  R^^  C,  and  Z,,  ^„  C^  are  the  inductance  resistance  and  ca- 
pacity of  the  primary  and  secondary  respectively,  and  M  is  the  mutual 
inductance. 
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For  the  case  of  direct  coupled  circuits,  we  have  : 

V^=  {Z?,  cos  \t  +  Z),  cos  V}'"" 

p;  =  j  J\  cos  \t  +  F^  cos  X^t\e—* 
where 


i^.c 


^-V 


'^■'■■A  +  A 

^■'^■A  +  A-- 

-  ^.C.a  +  2 

Jz.t'z.(^.^'''-')'-^z.t'z/.'^'"' 

'^■^■A-'-A 

The  constants  of  course  have  the  same  meaning  as  given  above. 
The  expressions  for  the  currents  in  the  circuits  can  be  derived  from 
the  potentials,  and  they  are  given  in  the  complete  paper. 
Washington,  D.  C. 

Entladungsstrahlen.^ 

By  El  izAUETH  R.  Laird. 

IN  1895  Wiedemann  and  Schmidt,  and  in  1897  Hoffman  published  work 
describing  a  particular  effect  in  the  neighborhood  of  the  spark  at 
atmospheric  pressure  which  they  ascribed  to  a  kind  of  radiation  named 
by  Wiedemann  *  *  Entladungsstrahlen. '  *  The  effect  was  that  certain  sub- 
stances were  made  thermoluminescent  by  this  means  under  conditions  in 
which  they  could  not  be  made  so  by  exposure  to  light.  Later  J.  J.  Thom- 
son showed  that  this  radiation  would  ionize  the  gas  through  which  it 
passed. 

Some  time  ago  the  writer  while  at  the  Cavendish  Laboratory  confirmed 
one  of  Hoffman's  results  showing  that  at  a  pressure  of  a  millimeter  or  two 
radiation  comes  from  a  spark  capable  of  traversing  two  layers  of  paper 
and  affecting  a  photographic  plate  and  that  a  quartz  plate  or  metal  objects 
are  opaque  to  it.     At  the  same  time  attempts  were  made  by  the  electrical 

'Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 
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method  to  see  if  any  of  the  radiation  would  be  transmitted  through  thin 
aluminum,  but  with  negative  results. 

Later  an  electrical  effect  was  sought  through  thin  aluminum  at  some- 
what reduced  pressures,  with  negative  results  also  except  when  the  con- 
nections were  such  hat  the  aluminum  was  covered  with  a  faint  glow  on 
the  side  opposite  the  ionization  chamber. 

The  present  work  includes  the  repetition  of  a  number  of  Hoffmann's 
experiments  and  was  undertaken  since  the  question  has  been  raised  as 
to  whether  these  rays  differ  from  ordinary  light  rays  or  from  ions.  The 
thermoluminescent  method  of  detection  was  chosen,  and  a  solid  salt  solu- 
tion of  calcium  sulphate  +  2  per  cent,  manganese  sulphate  was  used  for 
the  purpose.  According  to  Hoffman  when  this  is  heated  it  loses  its  power 
of  becoming  thermoluminescent  when  exposed  to  light,  but  regains  it 
when  exposed  to  the  spark.  This,  after  some  trials  with  different  samples 
of  salt,  was  confirmed,  and  a  piece  of  quartz  used  as  test  during  the  course 
of  the  experiments  always  acted  as  an  opaque  object.  The  arrangements 
for  observing  the  thermoluminescence  were  similar  to  those  used  by 
Hoffmann,  a  small  radioscope  was  used  to  test  the  sensitiveness  of  the 
eyes  before  observations.  In  the  greater  number  of  experiments  the  salt 
was  deposited  on  mica  instead  of  on  copper,  as  used  by  Hoffmann,  to 
avoid  chance  electrical  disturbances  due  to  the  metal. 

When  a  small  Wimshurst  machine  was  used  about  double  the  capacity 
of  the  small  Leyden  jars  forming  a  part  of  it  had  to  be  used  to  obtain  a 
marked  effect.  If  pointed  electrodes  were  used  instead  of  rounded  ones 
the  salt  had  to  be  placed  nearer  to  obtain  the  same  effect,  and  in  this  case 
no  thermoluminescence  was  observed  unless  some  capacity  was  used. 
This  agrees  in  general  with  Hoffmann's  observations  and  would  show  that 
the  radiation  from  some  forms  of  discharge  is  more  easily  absorbed  or 
less  in  quantity,  and  also  that  the  effect  is  not  due  to  slow  moving  ions. 

To  test  this  further  an  air  current  was  passed  over  the  surface  of  the 
salt  at  right  angles  to  and  below  the  spark  of  an  induction  coil.  When 
the  salt  was  heated  the  shadow  of  the  tube  from  which  the  air  current 
came  could  be  plainly  seen,  but  no  diminution  in  intensity  could  be 
observed  in  its  path,  although  the  speed  at  the  outlet  computed  from 
the  amount  of  air  used  was  over  200  cm. /sec. 

A  magnetic  deflection  was  sought  by  Hoffmann  and  not  found.  A 
different  method  used  here  gave  the  same  result.  A  number  of  experi- 
ments were  made.  In  one  a  magnetic  field  estimated  at  8,000  C.G.S. 
units  was  used.  The  spark  from  a  Holtz -machine  was  the  source,  and 
was  at  right  angles  to  and  above  the  poles  of  the  electromagnet.  Below 
the  spark  and  just  above  the  poles  was  a  slit  made  in  a  piece  of  mica,  be- 
low the  poles  was  the  salt.  A  strip  on  the  salt  was  exposed  with  the 
magnetic  field  on.     The  salt  was  then  moved  parallel  to  the  magnetic 
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field  and  a  similar  strip  exposed  with  the  current  off.  The  salt  was  then 
hekted  and  the  two  bands  of  light  compared.  One  edge  was  especially 
sharp,  and  no  displacement  of  one  relative  to  the  other  was  observed, 
also  the  distribution  of  light  in  the  two  corresponded  closely.  The  radia- 
tion had  to  traverse  this  field  a  distance  of  over  2  cm.  Any  ions  of 
cathode  ray  magnitude  would  have  been  deflected,  or  if  of  atomic  mag- 
nitude unless  moving  with  velocities  over  10*  cm. /sec. 

The  absorption  of  the  radiation  in  air  was  observed  especially  with  the 
spark  of  the  induction  coil  as  source.  At  a  distance  of  1.5  cm.  the 
thermoluminescence  was  bright,  at  4  cm.  for  the  same  time  of  exposure 
none  at  all  was  observed,  and  with  three  times  the  exposure,  at  a  dis- 
tance of  2.5  cm.,  the  brightness  was  not  over  half  the  original,  although 
an  inverse  square  law  would  make  these  about  equal.  A  current  of 
impure  oxygen  from  a  gas  cylinder  passed  over  the  salt  while  it  was  being 
exposed  to  the  spark  did  not  diminish  the  brightness  especially.  The 
effect  of  carbon  dioxide  was  studied  by  placing  the  salt  in  a  glass  dish, 
the  cover  of  which  contained  a  slit  and  which  was  partly  filled  with  solid 
carbon  dioxide.  When  the  distance  of  the  salt  below  the  cover  was 
about  4  cm.  and  from  the  spark  of  the  Holtz  machine  about  6  cm.,  a 
diminution  in  brightness  was  observed,  so  that  increasing  the  time  of 
exposure  one  half  did  not  give  quite  as  bright  thermoluminescence  as 
obtained  with  air  at  the  same  distance  and  for  the  same  time  of  exposure. 
These  experiments  with  carbon  dioxide  were  repeated  on  three  different 
days,  in  all  seven  times,  and  with  the  same  general  result  which  differs 
greatly  from  that  obtained  by  Hoffmann. 

When  the  salt  was  deposited  on  copper,  it  was  noted  that,  when  the 
induction  coil  was  used,  the  greater  thermoluminescence  was  on  the  side 
of  the  anode.  This  was  traced  to  a  projecting  point  on  this  side  which 
slanted  down  somewhat  towards  the  salt  and  was  covered  with  a  glow  of 
light.  A  similar  effect  was  obtained  by  curving  the  German  silver  wire 
forming  the  electrode  downwards.  If  the  current  in  the  coil  were 
reversed  no  special  effect  was  noted  under  the  projecting  point,  it  was 
also  absent  when  the  salt  was  deposited  on  mica.  This  seemed  to  indi- 
cate that  it  might  be  due  to  the  metal  acting  partly  as  cathode.  It  was 
found  also  that  if  a  hissing  discharge  from  the  Wimshurst  machine  passed 
directly  to  the  plate  the  greater  thermoluminescence  was  on  the  side 
towards  the  positive  electrode. 

Thermoluminescent  effects  similar  to  those  obtained  in  the  above 
experiments  followed  if  the  salt  were  placed  under  a  bend  in  a  wire 
inserted  in  the  secondary  of  the  induction  coil  on  either  the  positive  or 
negative  side  of  the  spark  gap,  this  effect  was  likewise  cut  off  by  quartz. 
No  appreciable  effect  was  obtained  from  a  thin  strip  of  aluminum  inserted 
in  a  circuit  consisting  of  a  short  spark  gap  and  Leyden  jar  charged  from 
the  induction  coil,  but  the  power  used  was  small. 
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These  experiments  tend  to  confirm  the  existence  of  something  coming 
from  the  spark  other  than  light  or  slow  moving  ions,  which  is  not  readily 
deflected,  if  deflected  at  all,  in  a  magnetic  field,  which  is  absorbed  by  air 
and  to  a  somewhat  greater  extent  by  carbon  dioxide,  and  which  may  be 
called  Entladungsstrahlen. 

Magnetic  Double  Refraction  Normal  to  the  Field 

IN  Liquids.^ 

Bv  C.  A.  Skinner. 

COTTON  and  Mouton'  discovered  recently  that  nitrobenzol  when 
placed  in  a  magnetic  field  becomes  double  refracting  in  a  direc- 
tion normal  to  the  field,  and  that  this  property  follows  Kerr's  law  for 
double  refraction  in  an  electric  field.  They  found  also  that  the  disper- 
sion in  the  two  fields  is  the  same  within  an  accuracy  of  measurement  of 
two  per  cent,  in  the  violet  and  ten  per  cent,  in  the  red  region  of  the 
spectrum. 

Possessing  in  the  Brace  half  shade  elliptic  polarizer  a  very  sensitive 
means  of  measuring  double  refraction  of  this  kind ;  and  the  results  o 
McComb,*  who  has  been  making  an  extensive  study  of  electric  double 
refraction  of  liquids  in  this  laboratory,  I  have  been  led  to  investigate 
electric  double  refracting  liquids  in  general  for  the  presence  of  corre- 
sponding magnetic  double  refraction. 

Of  fourteen  liquids  thus  far  investigated,  eight  show  a  measurable 
relative  retardation  of  the  vibration  perpendicular  to  the  field  (as  com- 
pared with  that  parallel  to  it)  in  both  electric  and  magnetic  fields ;  two 
show  a  relative  retardation  of  the  parallel  component  in  both  ;  one,  a  rela- 
tive retardation  of  the  perpendicular  component  in  the  electric  field,  and 
of  the  parallel  in  the  magnetic ;  one  a  measurable  effect  in  the  electric,  but 
nothing  observable  in  the  magnetic  field ;  and  two  show  the  effect  in  the 
magnetic,  but  nothing  observable  in  the  electric,  Of  these,  nine  have 
been  compared  for  dispersion,  showing  without  exception  that  this  is  the 
same  in  the  two  fields. 

Kerr's  law  for  electric  double  refraction  may  be  stated  thus : 

in  which  <J^  =  number  of  waves  of  the  perpendicular  vibration  minus 
number  of  waves  of  the  parallel  vibration  in  a  length  of  /  centimeters  of 
the  liquid  normal  to  the  electric  field  of  intensity  E  electrostatic  units. 
B^  =  the  value  which  ^^  takes  for  unit  length  of  path  in  unit  field. 

>  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  1908. 

'Compt.  Rend.,  July,  1908. 

*  See  abstract  of  paper  in  Phys.  Rev.,  Sept.,  1908. 
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The  corresponding  law  for  magnetic  double  refraction  is 

in  which  His  the  intensity  of  the  magnetic  field  in  C.G.S.  units. 

The  following  table  is  a  brief  summary  of  the  results  obtained  with  a 
tube  of  liquid  6  cm.  long  in  a  magnetic  field  of  about  14,000  C.G.S. 
units.     The  values  of  B^  were  furnished  by  Mr.  McComb. 

B^  BJB, 

(A  =  500)  (for  aU  values  of  A) 

Nitro  benzol 34X10-"  1.06  X 10"' 

Nitro  toluol 21  1.61 

Chlor  benzol  11.4  8.3 

Brom  benzol 10.5  8.8 

Benzol 9.0  176 

D\  ethyl  aniline 6.8  4.9 

Di  methyl  aniline 9.7  8.1 

a-naphthalene  bromide 33  30 

Carbon  bisulphide —5.3  —12.8 

It  appears  rather  remarkable  that  although  carbon  bisulphide  shows  a 
different  component  to  be  relatively  retarded  in  the  magnetic  field  to 
that  in  the  electric  yet  the  ratio  BJB^  is,  within  the  limits  of  experi- 
mental accuracy,  the  same  for  all  wave-lengths  ranging  from  440  to 
660  X  10""^  cm. 

The  question  as  to  how  accurately  the  double  refraction  is  proportional 
to  the  square  of  the  strength  of  the  magnetic  field  has  not  as  yet  been 
thoroughly  investigated. 

The  Brace  Laboratory  of  Physics, 
University  of  Nebraska. 
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NEW   BOOKS. 

Experimental  Elasticity,     By  G.  F.  C.  Searle.     Cambridge  Physical 

Series,  187.     Pp.  xvi.     G.  P.  Putnam  &  Sons,  1908. 

There  is  perhaps  no  topic  in  mechanics  more  difficult  for  the  average 
student  than  elasticity,  and  yet  none  of  more  vital  importance  in  all  prac- 
tical applications.  As  a  rule,  authors  either  make  the  treatment  almost 
meaningless  by  the  assumption  of  all  formulae  without  any  notion  of  their 
physical  basis,  or  else  plunge  the  student  into  a  maze  of  mathematical 
symbols  both  confusing  and  devoid  of  physical  interest.  It  is  conse- 
quently refreshing  to  have  a  book  at  once  physical  in  spirit  and  yet  using 
to  advantage  such  mathematical  tools  as  the  student  should  be  expected 
to  possess  at  the  stage  represented  by  this  work. 

The  first  portion  of  the  book  contains  a  discussion  of  elementary 
principles,  of  elastic  constants  and  their  relations,  including  the  relation 
between  adiabatic  and  isothermal  expansions.  This  is  followed  by  the 
"solution  of  some  simple  elastic  problems,*'  which  are  quite  suggestive 
of  methods  useful  in  more  complex  cases.  Then  follows  a  laboratory 
course  of  fourteen  experiments  very  clearly  stated  and  with  perhaps  an 
overabundance  of  suggestion. 

Several  related  topics  are  treated  in  the  "notes"  which  constitute  a 
large  part  of  the  book.  Note  X,  on  "laboratory  work,"  may  be  read 
with  profit  by  any  student  or  teacher. 

J.  S.  Shearer. 

Refrigeration,     An  Elementary  Text-book.     By  J.  W.  Anderson. 

Pp.  ix  -I-  242.     Longmans,  Green  &  Co.,  1908. 

The  rapid  development  of  practical  refrigeration  has  created  a  demand 
for  books  dealing  in  a  general  way  with  this  topic.  This  volume  is  a 
rather  popular  presentation  of  the  elements  of  refrigeration  theory  and 
practice.  The  first  fifty  pages  contain  a  review  of  elementary  heat 
such  as  is  found  in  most  text-books.  Then  follows  a  discussion  of  the 
construction  and  installation  of  refrigerating  machinery  and  of  the  special 
applications  now  common.  Details  relate  almost  entirely  to  English 
practice  which  will  not  increase  the  value  to  American  readers. 

The  use  of  both  English  and  metric  units  is  unfortunate  in  a  book  01 
this  kind  as  it  is  often  confusing  and  serves  no  useful  purpose.  The 
problems  which  are  solved  in  the  text  will  be  of  considerable  assistance 
to  the  non-technical  reader. 

J.  S.  Shearer. 
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Electrical  Engineer's  Pocket-Book.     Fifth  Edition.     By  Horatio  A. 

Foster.     Pp.  xxxvi  -|-  1599.     New  York,  D.  Van  Nostrand  Company, 

1908. 

This  new  edition,  containing  600  pages  more  than  previous  editions,  is 
practically  a  new  book ;  in  all  parts  the  revision  has  been  complete. 
The  amount  of  information  given  in  condensed  form  is  simply  enormous, 
and  certainly  the  compiler  deserves  the  thanks  of  all  who  use  the  book  for 
making  the  information  so  readily  available. 

During  the  last  year  we  have  been  given  two  excellent  hand-books ;  as 
in  the  case  of  two  telephone  systems,  each  one  no  doubt  is  better  on  ac- 
count of  the  other.  In  the  case  of  these  hand-books,  each  serves  to  sup- 
plement and  to  check  the  other.  Any  worker  in  electricity  needs  one 
handy ;  and  the  other  somewhere  accessible. 

It  is  open  to  question  whether  the  term  ''practical  unit**  should  be 
applied  to  any  unit  which  does  not  belong  to  the  ' '  practical  system.  *  *  The 
Gauss  and  Maxwell^  for  example,  are  names  applied  to  certain  C.G.S. 
units.  These  are  not  units  of  the  practical  system  ;  neither  is  the  kilo- 
watt. The  term  ''practical,**  when  applied  to  these  units,  is  used  in  a 
popular  rather  than  a  technical  sense.  It  seems  unfortunate  to  longer 
preserve  the  term  static  transformer,  the  adjective  being  unnecessary  and 
even  misleading.  F.  B. 

Illustrated  Technical  Dictionary  in  Six  Langtiagcs :  English,  Ger- 
man, Russian,  Italian,  Spanish.  Edited  by  K.  Deinhardt  and  A. 
ScHLOMANN,  Vol.  II.:  Electrical  Engineering.  Compiled  by  Chas. 
KiNZBRUNNER.  Pp.  xii  -f  2 ICO.  Munich  and  Berlin,  R.  Oldenbourg  ; 
New  York,  McGraw  Publishing  Co.,  1908. 

The  scheme  of  this  dictionary  and  its  execution  are  both  excellent.  A 
topical  rather  than  alphabetical  arrangement  is  employed,  bringing 
together  all  words  pertaining  to  one  subject ;  a  finding  index  is  appended. 
The  illustrations,  of  which  there  are  about  4,000,  add  materially  to  the 
value  of  the  book.  The  work  has  been  prepared  by  a  permanent  staff, 
over  thirty  in  number,  assisted  by  several  hundred  co-operators. 

Electro-Metallurgy,     By  John   B.   C.   Kershaw.      Pp.  xv  -f  303. 

New  York,  D.  Van  Nostrand  Company,  1908. 

With  no  attempt  at  discussing  theory,  the  author  gives  a  clear  account 
of  the  manufacture  of  aluminum,  bullion  and  gold,  calcium  carbide  and 
acetylene  gas,  carborundum,  copper  ferro-alloys,  glass  and  quartz  glass, 
graphite,  iron  and  steel,  lead,  miscellaneous  products,  nickel,  sodium, 
tin  and  zinc. 

The  processes  are  adequately  described  in  a  manner  that  can  be  under- 
stood by  those  whose  acquaintance  with  either  chemical  or  electrical 
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science  may  be  but  slight.     The  author  has  collected  much  valuable  in- 
formation in  this  rapidly  developing  field. 

The  Theory,  Design  and  Construction  of  Induction  Coils,     By  H. 

Armagnat.     Translated  and  edited  by  O.  A.  Kenyon.     Pp.  v  -|-  216. 

New  York,  McGraw  Publishing  Company,  1908. 

With  the  increased  use  of  the  induction  coil  in  wireless  telegraphy, 
electrotherapeutics,  gas-engine  ignition,  etc.,  there  is  an  increased  de- 
mand for  exact  knowledge  concerning  it ;  this  demand  is  well  met  in  the 
present  book.  A  good  description  is  given  of  various  forms  of  inter- 
rupters, and  a  full  discussion  of  the  theory  of  mechanical  and  electrolytic 
interrupters.  The  bibliography  —  to  which  the  translator  has  added  —  is 
particularly  valuable,  containing  104  references,  many  of  which  are 
briefly  abstracted.  The  translator  and  the  publishers  have  succeeded  in 
producing  an  attractive  edition  of  this  little  book. 

Electric  Lighting  and  Power  Distribution.     By  W.  P.    Maycock. 

Vol.  I.     Seventh  Edition.     Pp.  xix  +  599.     London,  Whittaker  & 

Co.,  1908. 

This  is  an  elementary  book,  intended  particularly  for  English  stu- 
dents preparing  for  the  examinations  of  the  City  and  Guilds  of  London 
Institute.  It  is  clearly  written  and  deals  in  a  satisfactory  manner  with 
the  elementary  laws  of  electricity  and  magnetism,  and  with  measuring 
instruments,  but  —  save  for  the  discussion  of  the  dynamo  —  scarcely 
touches  the  subject  of  lighting  and  power  distribution,  nor  the  subject  of 
alternating  currents.  Presumably  these  topics  are  reserved  for  Vol.  II. 
In  this  edition,  the  book  has  been  much  enlarged. 

The  Prificiples  of  Alternating  Currents.  By  Edgar  T.  Larner. 
Pp.  viii  -f  136.  New  York,  D.  Van  Nostrand  Company,  1908. 
(Received.) 

Die  elektrischen  Eigenschaften  und  die  Bedeutung  des  Selens  fur  die 
Elekirotechnik.  By  Dr.  Chr.  Ries.  Pp.  i  -f  86.  Berlin,  Nikolassee, 
Administration  der Fachzeitschrift,  der  Mechaniker,  1908.    (Received. ) 

Histoire  du  Developpement  de  La  CMmie  Depuis  Lavoisier  Jusqu'a 
Nos  Jours.  By  A.  Ladenburg.  Traduit  sur  la  4*  edition  allemande 
by  A.  CoRviSKY.  Librairie  Scientifique,  A.  Hermann  &  Fils.  1909. 
(Received.) 
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COLLOIDAL     SOLUTIONS,    AND    THE     REFRACTIVE 
INDICES   OF   GOLD,    PLATINUM   AND  SILVER. 

By  B.  J.  Spencb. 

Introduction. 

DURING  the  last  few  decades,  there  have  appeared  from  time 
to  time  articles  dealing  with  the  question  of  the  optical 
properties  of  turbid  media. 

It  will  be  seen  from  the  brief  abstracts  of  these  papers  which  form 
the  introduction  to  the  present  article,  that  the  theoretical  conclu- 
sions at  which  the  various  writers  arrive  seem  to  indicate  that  the 
transmission  of  light  by  a  turbid  medium  should  be  a  simple  func- 
tion of  the  period  of  the  light. 

The  theories  have  been  tested  in  a  number  of  instances  in  the 
somewhat  narrow  range  of  wave-lengths  comprising  the  visible 
spectrum,  with  the  result  that  while  some  investigators  have  found 
agreement  between  theory  and  experiment,  others  have  reported 
disagreement. 

The  object  of  the  present  investigation  has  been  to  supplement 
the  existing  data  obtained  in  the  visible  spectrum  by  extending  the 
field  of  investigation  as  far  as  possible  into  the  infra-red  region  of 
the  spectrum. 

The  pioneer  work  of  a  theoretical  character  is  due  to  Lord 
Rayleigh,'  who  deduced  an  expression  for  the  light  transmitted 
through  an  atmosphere  containing  small  insulating  particles  in 
suspension.     This  was  shown  to  depend  on  the  number  and  size  of 

iPhil.  Mag.,  XLI.,  107,  1871 ;  XIL,  81,  1881. 
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the  particles  suspended  in  unit  volume  of  the  supporting  medium. 
Lord  Rayleigh  *  again  took  up  the  subject  later,  developing  it  more 
completely  and  obtained  an  expression  for  the  energy  transmitted 
as  a  function  of  the  wave-length,  index  of  refraction  of  the  suspended 
particle,  and  the  number  of  particles  per  unit  volume,  assuming 
that  the  particles  were  insulators  and  spherical  in  shape.  The  fol- 
lowing formula  is  given  by  Lord  Rayleigh 

327r»(;i-i)« 
where  H  is  given  by  the  formula 

In  these  expressions  /i  represents  the  refractive  index  of  the  sus- 
pended particle,  N  the  number  of  particles  per  unit  volume,  d  the 
thickness  of  the  layer,  E^  and  E  are  the  incident  and  transmitted 
energies  respectively.  The  first  equation  leads  to  the  important 
deduction  that  the  absorption  varies  as  the  A"^,  and  the  correctness 
of  the  theory  in  this  respect  may  be  readily  determined,  after  H 
has  been  experimentally  found  for  the  various  wave-lengths  for  the 
given  turbid  medium. 

Lord  Rayleigh  has  also  found  that  light  scattered  by  these  insu- 
lating particles,  and  produced  by  the  incidence  of  plane  polarized 
light,  vanishes  at  all  points  in  a  plane  normal  to  the  magnetic  induc- 
tion, where  the  radius  vector  makes  an  angle  of  90°  with  the  direc- 
tion of  the  incident  light. 

The  theory  to  explain  the  transmission  of  light  by  solutions  or 
atmospheres  composed  of  conducting  particles  has  been  developed 
by  J.  J.  Thomson,*  who  finds  that  the  scattered  light  produced  by 
the  incidence  of  plane  polarized  light,  vanishes  in  a  plane  through 
the  center  at  right  angles  to  the  magnetic  induction  in  the  incident 
wave,  along  a  line  making  an  angle  of  1 20®  with  the  radius  to  the 
point  at  which  the  wave  first  strikes  the  sphere,  and  it  does  not 
vanish  in  any  other  direction  than  this.  This  is  quite  a  different 
conclusion  from  that  arrived  at  by  Lord  Rayleigh  in  his  analysis 
for  insulating  particles. 

iPhil.  Mag..  XXXXVII..  375,  1889. 

'  Recent  Researches,  p.  437. 
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Ehrenhaft  *  undertook  an  experimental  test  of  Thomson's  theory 
for  media  containing  metallic  particles  in  suspension,  commonly 
known  as  colloidal  solutions.  For  colloidal  solutions  of  gold,  silver, 
platinum  and  copper,  he  found  the  maximum  of  polarization  to  be 
at  angles  of  118®,  no®,  115°  and  120°  respectively  with  the  inci- 
dent energy.  He  also  found  that  the  amount  of  polarization  varied 
directly  as  the  amount  of  metal  per  unit  volume  of  the  supporting 
medium. 

Ehrenhaft  in  his  investigation  found  that  the  colloidal  solutions 
which  he  examined  possessed  strong  absorption  bands  in  the  visible 
spectrum.  The  absorption  band  of  gold  colloid  occurred  at  a 
wave-length  of  5.2  x  io~*  cm.,  that  of  platinum  at  4.8  x  lO"*  cm.^ 
and  that  of  silver  at  a  wave-length  3.8  x  lO"*  cm.  According  to 
Thomson  it  is  possible  from  the  position  of  these  bands,  due  to 
optical  resonance,  to  compute  the  order  of  magnitude  of  the  size  of 
the  suspended  particles. 

Let  /  represent  the  period  of  vibration  of  the  particle,  v  the  velocity 
of  propagation  of  the  disturbance,  and  a  the  radius  of  the  metal 
sphere,  then 

If  «  be  the  refractive  index  of  the  supporting  medium,  then  v  =  njl 
so  that 

a  =  — -  -. 
43:  n 

From  the  values  of  the  wave-lengths  at  which  resonance  takes 
place,  Ehrenhaft  computed  the  size  of  the  particles  to  be  of  the 
order  of  magnitude  of  40  x  io~^  cm.,  and  this  magnitude  falls 
within  the  limits  assigned  to  it  by  Thomson. 

Another  piece  of  experimental  work,  similar  to  that  of  Ehrenhaft, 
is  that  of  Miiller,*  who  found  the  azimuth  of  polarization  for  platinum^ 
silver  and  gold  colloids  to  be  112°,  97.5°,  125®,  respectively,  and 
that  for  a  medum  consisting  of  insulating  particles,  the  azimuth  of 
polarization  was  less  than  90®.     These  values  for  colloidal  solu- 

*Sitz.  ber.  Akad.,  Wiss.  Wicn,  112,  Ila.,  1903. 
*  Ann.  der  Physik,  24,  I,  1907. 
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tions  of  platinum,  silver  and  gold  do  not  accord  with  the  results  of 
Ehrenhaft,  who  found  a  better  agreement  between  the  experimental 
and  theoretical  values.  MuUer's  results  afford  no  explanation  of 
the  optical  properties  of  colloidal  solutions  based  on  the  sire  of  the 
particles. 

More  recently  Mie  ^  has  published  a  paper  which  deals  with  the 
turbid  media,  based  on  the  assumption  that  the  particles  may  be 
regarded  as  spherical  in  shape,  and  that  the  turbidity  is  infinitely 
thin,  in  an  optical  sense.  The  light  emitted  by  a  particle  may  be 
calculated  as  a  series  of  partial  waves  of  which  there  are  two  groups, 
corresponding  respectively  to  the  electric  and  magnetic  vibrations 
of  the  particles.  In  a  colloidal  solution  consisting  of  very  small 
particles  the  first  harmonic  is  small,  and  corresponds  to  the  formula 
of  Lord  Rayleigh,  which  was  previously  discussed.  For  coarser 
particles  other  electric  and  magnetic  harmonics  appear. 

Mie  also  found  from  theoretical  considerations  that  the  unpolar- 
ized  ray  on  passing  through  a  medium  should  be  linearly  and  partially 
polarized.  The  light  diffused  by  gold  particles  up  to  a  size  of 
I  X  io~*  cm.  consists  entirely  of  radiation  corresponding  to  the 
Rayleigh  formula,  and  the  azimuth  of  polarization  occurs  at  90°. 
For  particles  from  1.6  x  io~*  cm.  to  1.8  x  lO"^  cm.  in  diameter 
the  azimuth  of  polarization  lies  between  110°  and  120®.  These 
results,  therefore,  seem  to  account  for  the  discrepancy  between  the 
results  of  Ehrenhaft  and  Muller,  with  regard  to  the  azimuth  of 
polarization,  it  being  due  merely  to  the  different  sizes  of  the  par- 
ticles which  occur  in  colloidal  solutions  made  under  different 
conditions. 

Mie's  work  also  shows  that  the  absorption  of  light  by  turbid 
media  is  proportional  to  the  amount  of  metal  per  unit  volume  of 
the  supporting  medium,  when  the  particles  in  suspension  are  small. 

Gamett  *  has  developed  a  theory,  in  which  he  has  explained  the 
optical  properties  of  colloidal  glasses,  and  since  Gamett's  work 
has  been  made  the  basis  of  the  work  contained  in  this  paper,  we 
shall  give  a  brief  resume  of  his  paper  in  so  far  as  it  will  be  necessary 
to  make  clear  its  bearing  upon  the  present  subject. 

1  Ann.  der  Physik,  25,  377,  1908. 
*Phil.  Trans.,  A.,  204-205,  1905. 
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If  light  of  a  wave-length  X  falls  upon  a  metal  sphere  of  radius  a, 
of  refractive  index  «,  and  extinction  coefficient  k^  then  the  complex 
dielectric  constant  e  will  be  expressed  by 

N=^n{i-ik)^s/~B. 

Lord  Raylcigh  ^  has  shown  that  a  metal  sphere  of  radius  a,  index 
of  refraction  ;/,  and  extinction  coefficient  k^  when  excited  by  an 
electric  force  E^,  emits  the  waves  which  would  be  emitted  by  a 
Hertzian  doublet  whose  moment  at  a  time  /  is 

where  N^  is  the  complex  dielectric  constant  of  the  metal  and  equals 
ff{i^ik)\ 

For  the  case  in  which  there  are  a  g^eat  many  spheres  close 
together  the  electric  force  for  each  doublet  would  be  the  force  E^ 
together  with  that  due  to  the  neighboring  doublets.  Calling  this 
E'  then  at  any  time  /,  the  polarization  is 


m 


N*^  I 


which  is  regarded  as  the  average  moment.     If  m  be  the  number  of 
doublets  present,  then  the  polarization  is  expressed  by 

Lorentz  and  Larmor  have  shown  that 

3 


-5;  + 


■g,  +  ^  mar'  „,   .   ,  E' 


3         N*  +  2 

provided  only  that  the  doublets  are  scattered  through  a  space  lat^e 
compared  with  the  wave-length.  Solving  for  £'  and  /,  we  obtain 
the  expressions 

I 


£'  =  £. 


/' 


3 


M 


N*-  I 


lN*+2l 


(■) 


3  iV*+  2 

'  Phil.  Mag..  XLIV.,  28,  1897. 
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By  the  use  of  the  Maxwell  equations,  the  complex  dielectric  con- 
stant is  expressed  as 

dE  dH 

e  -^   =  c  curl  {H)  and  --—  ——  ^  curl  (£) , 

it  follows 

e J,        . 

™  47:ma^  r  ^V*  —  i  t  ' 

This  shows  that  a  medium  consisting  of  small  metallic  spheres  is 
optically  equivalent  to  a  medium  of  refractive  index  n\  and  extinc- 
tion coefficient  ^',  given  by  the  expression 

in  which 

N^-  1 

N^  +  2 


47:ma^  a;2 


e'=l  + 


47:ma^rN^''V 


^       3    La^+2J 

This  expression  holds  only  for  the  case  in  which  the  metallic 
spheres  are  distributed  in  vacuo,  many  to  the  wave-length.  If  pi 
represent  the  relative  volume,  then 

and  the  above  equation  becomes 

isn-- 1 

^'^  iV^  +  2 

This  equation  which  is  due  to  Garnett,*  forms  the  point  of  departure 
for  the  mathematical  analysis  of  the  special  problem  with  which  the 
present  paper  deals. 

Extension  of  the  Theory. 
A  colloidal  solution  may  be  regarded  as  one  consisting  of  small 
spherical  particles,  as  Siedentopf  *  and  Zsigmondy  have  shown  by 

*  Loc  cit. 

'  Ann.  dcr  Physik,  Janoary,  1903. 
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means  of  the  ultra  microscope.  Burton  *  in  his  work  upon  elec- 
trically prepared  colloidal  solution  has  shown  that  the  diameter  of 
the  particles  in  such  solutions  is  of  the  order  of  magnitude  of 
4  X  io~*  cm.  to  6  X  io~*  cm.  This  value  is  in  accord  with  the 
values  which  Bredig*  found  by  theoretical  considerations  alone, 
Bredig  shows  that  when  these  particles  are  viewed  with  a  micro- 
scope of  the  highest  power,  the  particles  remain  undetected,  yet 
when  a  beam  of  light  is  passed  through  a  solution  containing  them, 
the  beam  is  scattered  and  polarized.  The  best  microscopes  can 
detect  particles  of  the  order  of  magnitude  of  14  x  lO"*  cm.  and  yet 
these  particles  since  they  difluse  light  must  be  of  the  order  of  mag- 
nitude of  a  light  wave,  so  that  the  lower  limit  to  the  size  of  the 
particle  is  lO"*  cm. 

From  the  work  which  has  been  done  by  these  investigators  it 
seems  that  we  are  justified  in  assuming  that  the  magnitude  of  this 
particle  is  io~*  cm.  as  a  lower  limit,  and  so  are  at  liberty  to  apply 
Garnett's  analysis  to  the  case  of  colloidal  solution,  for  in  them  we 
are  dealing  with  particles  of  approximately  the  same  order  of  magni- 
tude as  those  with  which  he  had  to  deal  in  his  work  upon  metal  or 
colloidal  glasses. 

However,  since  it  is  impossible  to  prepare  colloidal  solutions  in 
a  medium  which  does  not  itself  possess  absorption  in  the  infra-red 
spectrum,  it  has  been  found  necessary  for  the  purposes  of  the  pres- 
ent investigation  to  extend  Garnett's  analysis  to  include  the  case  of 
an  absorbing  medium  whose  complex  dielectric  constant  is  z/(i  —  ig). 

If  now  in  equation  (2)  (which  holds  only  for  the  case  of  spherical 
particles  embedded  in  the  aether)  we  replace  the  dielectric  constant 
of  the  aether,  unity,  by  the  complex  dielectric  constant  e"  =  z/(i  —  ig) 
of  the  supporting  medium.     We  obtain  the  following  equation 

iPbil.  Mag.,  II.,  1906,  p.  425. 
"Drudc's  Ann.,  XI.,  218,  1903. 

*The  first  term  in  the  draominator  of  equation  (y)  is  not  a  dielectric  constant,  bat  a 
pure  number  and  hence  is  not  replaced  by  e^^. 
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In  the  above  equation  we  may  neglect 


l€  +  2£'J 


with  respect  to  unity  since  it  is  of  the  order  of  magnitude  of  lO"*, 
and  we  thus  obtain  the  equation 


where 


^'-3«"/.[^]  +  e".  (3) 


s'  =  «'(i  -  ii')*. 
Equation  (3)  may  be  written  in  the  form 

or  it  may  be  written 

?>"'"3/'7^j:^p>-«  +  ^^.  (4) 

Replacing  the  values  of  e,  e'  and  e"  by  their  values  in  terms  of  refrac- 
tive indices  and  extinction  coefficients,  we  obtain  for  the  second 
member  of  equation  (4) 

Separating  real  and  imaginary  quantities  we  obtain  for  the  value  of  )9 

P^^fl  («»yfe^  -  27^y  +  {n'Jk  +  2'l^gf  \       ^5; 

In  the  above  equation  g  is  of  the  order  of  magnitude  of  lo"*,  and 
hence  terms  containing  g  may  be  neglected  with  respect  to  terms 
containing  n  and  k  alone,  and  the  equation  for  )9  becomes 

^"(ii^-2z/>y+«*>P*  ^^> 

The  quantity  >f  is  an  extinction  coefficient  and  is  not  known,  but 
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if  we  replace  k  by  a\n,  where  a  is  the  absorption  coefficient  of  the 
metals  and  is  quite  accurately  known  from  the  work  of  Rubens  * 
and  Hagen,  and  n  is  the  refractive  index  of  the  metals,  we  obtain 
an  equation  containing  n  and  /9  as  unknown  quantities.  Equation 
(6)  then  becomes 

It  is  necessary  to  find  a  value  of  j9  in  terms  of  quantities  which  may 
be  experimentally  determined.  This  we  may  do  by  replacing  the 
values  of  e'  and  e"  by  their  values  in  terms  of  refractive  indices  and 
extinction  coefficients  in  the  first  members  of  the  equation  (4)  we 
obtain 

e'  e  -  e"        //'«-«;«-  2/(«' V  -  7^g)  .^ 

7^^^^-l^ v^-^ziv'g =  «  +  ^^- 

If  we  equate  real  and  imaginary  quantities  and  collect  imaginary 
quantities  we  obtain  for  )9  a  value 

^~n       w+7)       J* 

If  we  make  the  approximation  that  in  the  range  from  a  wave- 
length 5.8  X  io~*  cm.  to  6.8  X  io~*  cm.,  the  refractive  index  of  the 
colloidal  solutions  differs  only  very  slightly  from  the  refractive  index 
of  the  supporting  medium  we  obtain  by  setting  n!  ^v 

This  equation  in  terms  of  the  extinction  coefficients  of  the  colloidal 
solution  and  the  supporting  medium  may  be  transformed  into  one 
involving  the  absorption  coefficients  /  and  w  by  means  of  the  relation 
J^n!  =s  /  and  vg  =»  w.  Since  we  have  assumed  that  n!  »=  v^  we 
obtain 

p.-'^.  (8) 

>Phil.  Mag.,  7,  1904. 
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Equating  equation  (7)  and  equation  (8),  we  obtain 

/-«,  =  ,        9«-^  (8') 

Solving  for  «',  we  obtain 


2^?(/  —  w) 

If  in  equation  (8)  we  neglect  «V  with  respect  to  {cf  —  2z^)*,  which 
can  be  done  only  when  the  value  of  n  is  considerably  less  than 
unity,  we  obtain  a  very  simple  equation  for  n 

Equation  (9')  may  be  used  in  computing  the  values  of  n  for  gold 
and  silver  for  which  the  values  of  n  known  for  the  visible  spectrum 
are  much  less  than  unity,  but  in  computing  the  values  of  n  for 
platinum  equation  (9)  must  be  used  owing  to  the  fact  that  the 
values  of  n  for  platinum  are  much  greater  than  unity  in  the  visible 
spectrum. 

We  thus  have  arrived  at  an  equation  for  the  refractive  indices  of 
the  metals,  in  terms  of  the  absorption  coefficients  of  the  colloidal 
solution  and  of  its  supporting  medium,  the  absorption  coefficients 
of  the  metal  forming  the  colloid,  the  refractive  index  of  the  sup- 
porting medium,  and  the  relative  volume  of  the  metal  present. 
The  values  of  n  for  the  three  metals  given  by  this  method  for  the 
wave-length  5.89  x  lO"*  cm.  should  agree  fairly  well  with  the 
values  of  n  obtained  by  Drude  ^  and  Kundt,*  for  these  metals  at  the 
wave-length  5.89  x  io~*  cm. 

Several  important  deductions  are  immediately  derived  from  equa- 
tion (9'),  first,  if  we  neglect  the  absorption  w  due  to  the  supporting 
medium,  as  Gamett  did  implicity  in  his  analysis,  we  obtain  an 
equation 

1  Phys.  Zeitschrift,  JaDuaiy,  1900. 
«Wicd.  Ann.,  34,  p.  469,  1888. 
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which  shows  that  /,  the  absorption  of  the  colloidal  solution,  is  pro- 
portional to  the  concentration  fi,     Gamett  arrived  at  an  equation 

in  which  i'n'  measured  the  absorption  and  /9  is  a  function  of  the 
optical  constants  of  the  metals,  that  is,  n  and  i.  This  equation  also 
shows  that  the  absorption  n'i^  is  proportional  to  the  concentration. 

If  w  be  not  neglected,  we  find  from  equation  (9')  that  the  differ- 
ence between  the  absorption  of  the  colloidal  solution  and  the  ab- 
sorption of  the  supporting  medium  is  directly  proportional  to  the 
concentration. 

Finally  if  «  is  to  be  an  invariant  for  a  given  metal  for  a  given 
wave-length,  for  any  supporting  medium,  experimental  determina- 
tion of  n  should  bring  out  the  fact  that  n  is  independent  of  the  sup- 
porting medium.  The  different  supporting  media  in  which  small 
metallic  particles  will  remain  suspended  long  enough  to  admit  of 
accurate  observations  are  very  few.  However  two  supporting 
media  were  obtained  which  possessed  widely  different  optical  prop- 
erties. The  usual  one,  water,  possesses  very  strong  absorption 
bands  in  the  range  of  wave-lengths  from  5.89  x  lO"*  cm.  to 
I S  X  io~*  cm.  and  its  general  absorption  is  very  large.  The  second 
supporting  medium,  ethyl  malonate,  is  a  complex  organic  compound, 
and  possesses  the  usual  bands  due  to  the  ethyl  group.  Its  general 
absorption,  however,  is  not  so  great  as  that  of  water,  and  it  makes 
a  much  more  desirable  supporting  medium  owing  to  this  fact. 

The  main  results  brought  out  of  the  above  theoretical  consider- 
ations are  briefly  these ;  first,  the  optical  properties  of  colloidal 
solutions  should  be  independent  of  the  size  of  the  particles,  provided 
the  diameter  be  small  compared  to  the  wave-length.  We  should 
thus  expect  to  find  the  best  argument  between  theory  and  experi- 
ment the  longer  the  wave-length  of  light.  Second,  it  should  be 
possible  to  determine  the  optical  constants  of  those  metals,  which 
may  be  brought  into  the  colloidal  state,  by  the  determination  of 
the  difference  between  the  absorption  of  the  solution  of  known 
metal  content  and  of  the  supporting  medium ;  and  the  values  so 
obtained  should  be  independent  of  the  nature  of  the  supporting 
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medium.  Third,  the  difference  between  the  absorption  of  the  col- 
loidal solution  and  of  the  supporting  medium  should  be  directly 
proportional  to  the  relative  volume  of  the  metal  in  the  solution. 

It  will  be  seen  further  on  that  colloidal  solutions  of  silver,  gold 
and  platinum  exhibit  optical  properties  which  are  in  good  agree- 
ment with  these  theoretical  conclusions. 

Apparatus. 

The  investigation  was  carried  on  by  means  of  a  large  spectro- 
bolometer  of  special  construction  designed  by  A.  Trowbridge* 
The  bolometer  strips  forming  the  two  arms  of  the  Wheatstone's 
bridge  were  0.5  mm.  wide  and  2.5  cm.  long.  Their  thickness  may 
be  judged  from  the  fact  that  each  of  them  had  a  resistance  of  3 
ohms.  The  remaining  two  arms  of  the  bridge  consisted  of  balanc- 
ing coils,  small  portions  of  which  were  shunted  by  mercury  sliders 
so  that  the  balancing  of  the  bridge  was  made  very  simple. 

The  bolometer  strips  were  enclosed  in  an  air-tight  chamber 
through  which  the  energy  to  be  measured  was  allowed  to  enter 
through  a  rock-salt  window. 

The  bolometer  and  its  accessories  were  surrounded  by  a  water 
jacket  in  order  to  protect  the  bolometer  coils  and  sliders  from 
irregular  temperature  fluctuations. 

By  means  of  a  low  power  microscope  mounted  axially  in  the 
bolometer  case  it  was  possible  to  make  accurately  all  preliminary 
adjustments  for  collimation,  and  to  check  the  adjustments  from  time 
to  time  during  the  course  of  experimentation. 

The  spectrometer  was  provided  with  a  divided  circle  graduated 
to  minutes,  on  which  settings  were  made  with  a  micrometer  micro- 
scope. The  head  of  the  micrometer  screw  was  divided  into  sixty 
parts  of  such  size  that  one  tenth  of  a  division  could  be  readily  esti- 
mated, thus  allowing  the  observer  to  read  with  considerable  accu- 
racy to  one  tenth  of  a  second  of  arc.  The  arms  of  the  spectrometer 
were  about  one  meter  in  length,  and  allowed  the  use  of  very  long 
focus  mirrors  of  considerable  aperture. 

The  rock-salt  prism  used  in  the  investigation  had  an  angle  of 
60°  i'  37'',  was  12  cm.  high,  and  had  faces  7  cm.  wide.  It  was 
mounted  in  a  manner  described  by  Wadsworth  ^  in  which  the  prism 

iPhil.  Mag.,  38,  1894. 
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faces  and  a  mirror  are  so  arranged  that  a  plane  bisecting  the  angle 
of  the  prism  passes  through  the  axis  of  the  spectrometer  table,  and 
is  also  at  right  angles  to  the  plane  of  the  mirror,  which  plane  passes 
through  the  axis  of  the  spectrometer  table.  Employing  this  arrange- 
ment Langley  ^  has  shown  that  if  the  arms  of  the  spectrometer  are 
so  fixed  that  the  undeviated  beam  passing  through  from  the  slit 
into  the  collimator,  arrives  at  and  is  focused  on  the  bolometer  strip, 
and  then  the  prism  arrangement  inserted  in  the  manner  described 
above,  the  spectrum  will  arrive  at  the  bolometer  in  such  a  way  that 
light  of  any  wave-length  falling  on  the  bolometer  strip  will  have 
passed  through  the  prism  under  minimum  deviation. 

The  prism  and  mirror  were  mounted  on  a  large  circular  casting 
of  iron,  which  in  turn  was  held  upon  the  spectrometer  by  means  of 
a  hole,  slot  and  plane  device.  The  whole  was  then  enclosed  within 
a  sheet-iron  case  with  diaphragms  in  it  for  the  entrance  and  exit  of 
the  beam. 

The  galvanometer  was  similar  to  that  designed  by  C.  E.  Men- 
denhall  and  described  by  L.  R.  Ingersoll.'  It  was  a  four-coil  astatic 
needle  instrument,  magnetically  shielded  by  a  triple  concentric 
shield  of  exceptionally  soft  iron,  kindly  furnished  by  Mr.  Elihu 
Thompson.  A  similar  shield  has  been  used  for  the  past  three  years 
by  Mendenhall  and  Trowbridge,  who  found  that  it  reduced  the  field 
of  the  earth  to  one  four-thousandth  of  its  value  outside  the  shield. 

The  coils  had  each  a  resistance  of  twelve  ohms,  and  were  con- 
nected in  multiple  so  that  their  combined  resistance  was  three  ohms. 
The  needle  system  was  made  of  tungsten  steel  elements  mounted  in 
two  groups,  the  whole  weighing  about  six  milligrams.  As  ordi- 
narily used,  with  a  period  of  about  ten  seconds,  the  sensibility  of  its 
galvanometer-bolometer  arrangement  was  such  that  a  candle  at  a 
distance  of  one  meter  gave  about  fifteen  hundred  scale  divisions. 

As  a  source  of  current  for  the  bolometer,  storage  batteries  at  first 

were  used,  but  considerable  difficulty  was  encountered  in  their  use, 

due  to  their  irregular  behavior.    There  are  periods  in  the  discharge  of 

a  storage  cell  which  are  fairly  constant,  but  these  periods  are  not  of 

long  duration,  and  just  when  they  occur  is  a  matter  of  uncertainty, 

owing  to  inconsistent  conditions  of  charging  and  of  previous  state. 

1  AnDals  of  Smithsonian  InsdtiUioD,  Vol.  I. 
s  Phil.  Mag.,  6,  61,  p.  41,  1906. 
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In  order  to  obviate  this  difficulty,  four  large  standard  cells  were 
made  of  a  type  which  Professor  G.  A.  Hulett^  had  been  using  for 
potentiometer  work.  Large  battery  jars  which  allowed  a  mercury 
surface  of  340  cm.*  were  used,  and  the  wooden  cover  of  each  jar 
supported  four  anode  cups,  which  contained  the  cadmium  amalgam. 
These  cups  were  5  cm.  in  diameter.  Since  these  cells  were  first  con- 
structed an  improved  form  has  been  made,  in  which  the  anode  cups 
were  replaced  by  the  rubber  trays,  supported  by  a  glass  frame  rest- 
ing upon  the  bottom  of  the  jar.  One  and  a  half  liters  of  acid  cad- 
mium sulphate  solution,  and  150  grams  of  mercurous  sulphate 
were  placed  in  each  of  these  cells.  The  cells  were  then  charged 
at  a  low  current  density.  At  first  the  charging  was  done  without 
stirring,  but  later  L-shaped  stirrers  were  passed  through  the 
covers  of  the  jars,  and  a  much  higher  current  density  could  be  used 
without  the  danger  of  forming  the  basic  salt.  These  cells  were 
found  to  furnish  a  current  of  0.2  ampere  without  the  fluctuations 
experienced  with  the  storage  battery  and  with  only  a  very  slow 
drift.  They  are  particularly  well  suited  for  bolometric  work,  for 
all  the  annoying  features  of  the  storage  cell  are  removed. 

The  arrangement  of  the  apparatus  was  as  follows :  A  beam  of 
light  from  a  Nemst  glower  was  allowed  to  fall  upon  a  mirror,  and 
was  brought  to  focus  upon  the  slit  of  the  spectrometer.  Before  the 
slit  was  placed  a  sliding  cell,  containing  the  solution  to  be  investi- 
gated. The  energy  from  the  slit  was  directed  upon  another  mirror 
placed  at  such  a  distance  from  the  slit,  such  that  parallel  light  was 
reflected  from  it,  and  passed  through  the  prism  to  another  mirror  of 
a  meter  focal  length.  This  latter  mirror  brought  to  a  focus  upon 
the  bolometer  strip  those  rays  which  had  passed  through  the  prism 
under  minimum  deviation. 

A  simple  and  effective  device  was  designed  to  carry  the  colloidal 
solution.  Two  quartz  plates  about  4  cm.*  were  separated  by  a  hard 
rubber  diaphragm,  of  known  thickness.  The  rubber  diaphragm  was 
divided  into  two  compartments.  The  plates  and  diaphragm  were 
placed  in  a  convenient  cell  and  held  in  position  by  screws.  The 
cell  was  made  to  slide  on  two  brass  ways  so  that  either  one  of  the 
compartments  of  the  cell  might  be  brought  into  the  path  of  the  rays 
>Phys.  Rev.,  July,  1908. 
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of  light  to  the  slit  or  removed  entirely.  The  liquid  to  be  investi- 
gated was  placed  in  one  of  these  compartments,  the  deflection  of  the 
galvanometer  noted  when  energy  of  a  known  wave-length  was  trans- 
mitted through  the  compartment  containing  it,  then  the  deflection 
was  noted  when  energy  passed  through  the  empty  compartment. 
Thus  the  effect  of  the  absorption  of  the  quartz  could  be  eliminated 
from  the  observation  and  only  the  transmission  of  the  liquid  was 
obtained. 

In  order  to  know  in  exactly  what  part  of  the  spectrum  the  ob- 
servations were  being  made,  it  wj^  necessary  to  obtain  a  dispersion 
curve  of  the  rock-salt  prism.  In  order  to  do  this  the  angle  of  the 
prism  was  accurately  measured,  and  from  the  known  values  of  the 
dispersion  of  rock  salt,  determined  by  Rubens  ^  and  Trowbridge,  a 
dispersion  curve  in  terms  of  wave-lengths  and  angles  of  minimum 
deviation  was  obtained.  This  gave  a  simple  and  rapid  means  of 
determining  the  wave-length  at  which  one  was  working  provided 
the  reading  of  the  spectrometer  was  known  at  which  energy  of  a 
known  wave-length  passed  through  the  prism  under  minimum 
deviation.  The  accuracy  of  the  method  was  tested  by  first  setting 
on  the  sodium  lines  and  then  determining  the  angular  reading. 
The  setting  for  the  emission  band  of  CO,  at  44  x  io~*  cm.  was  com- 
puted. A  Bunsen  burner  was  placed  before  the  slit  and  a  maxi- 
mum of  emission  sought.  It  was  found  and  the  reading  taken. 
This  angular  reading  agreed  with  the  computed  reading  to  within 
less  than  i  x  io~*  cm.  A  device  for  roughly  estimating  the  posi- 
tion of  the  infra-red  spectrum  at  which  observations  were  being 
made  was  obtained  by  placing  a  small  concave  mirror  upon  the 
case  enclosing  the  prism,  directly  over  the  axis  of  the  spectrometer 
table.  A  beam  of  light  from  a  Nernst  glower  was  focused  upon  a 
card-board  fastened  to  the  wall  of  the  room.  This  was  calibrated 
empirically  for  various  wave-lengths. 

Experimental. 

The  colloidal  solutions  employed  were  made  according  to  the 
method  of  Burton.*     Very  stable  colloids  were  obtained  of  gold,. 

>  Wied,  Ann.,  60,  724,  1897. 
*Phil.  Mag.,  ir,425,  1906. 
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platinum  and  silver.  They  remained  in  good  condition  almost 
indefinitely  without  coagulating  or  changing  color. 

Attempts  were  made  to  obtain  colloids  of  the  various  metals 
in  alcohol.  In  the  cases  of  platinum,  silver  and  gold  the  attempts 
were  fruitless,  owing  to  almost  immediate  precipitation.  Lead, 
zinc  and  tin  were  tried  and  the  resulting  colloids  appeared  rough 
and  granular.  They  began  immediately  to  precipitate  the  metal, 
and  in  the  course  of  a  few  days  the  entire  metal  content  was  pre- 
cipitated. The  constant  change  in  the  metal  content  made  it  impos- 
sible to  obtain  anything  except  a  rough  qualitative  idea  of  the 
optical  properties  of  these  colloidal  solutions. 

The  colloids  of  gold,  platinum  and  silver  which  possessed  a 
satisfactory  stability  were  made  in  either  water  or  ethyl  malonate. 

The  amount  of  metal  present  per  unit  volume  of  supporting 
medium  was  readily  and  quite  accurately  determined  by  evaporating 
the  colloidal  solution  to  dryness,  and  weighing  the  residue.  The 
weighings  were  made  a  number  of  times  and  the  final  error  in  the 
determination  did  not  exceed  three  per  cent.  This  method  was 
also  used  by  Burton.^ 

To  determine  the  absorption  coefficients  of  the  colloidal  solution 
and  its  supporting  medium  for  any  given  wave-length,  it  was  neces- 
sary to  make  use  of  two  thicknesses  of  the  cell.  For  if  X  is  the 
wave-length  in  vacuo,  d  the  difference  in  thickness  between  the  two 
layers  of  solution  used,  and  I^  and  /,  the  incident  and  transmitted 
energies  respectively,  then  the  absorption  k'n'  is  given  by  the  ex- 
pression 


7r' 


Solving  for  ^«',  we  obtain 


^«'=::^iog7'i 


^d     ^  /,  log  e ' 

All  these  quantities  in  the  right-hand  member  of  this  equation  are 
known  or  capable  of  experimental  determination.  The  ratio  IJ/^ 
was  determined  by  means  of  the  bolometer,  and  d  was  measured  by 
means  of  a  micrometer  caliper.     The  values  of  the  absorption  coef- 

*  Loc  cit. 
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ficients  for  the  various  wave-lengths  were  determined  for  the  various 
colloidal  solutions  and  their  supporting  media. 

Results. 

Tables  I.,  II.  and  III.  contain  the  various  quantities  used  in  the 
determination  of  the  values  of  the  indices  of  refraction  of  the  metal 
silver,  for  wave-lengths  from  5.89  x  10-*  cm.  to  15  x  lO"*  cm.  In 
the  tables,  columns  2  and  3  show  the  percentage  of  energy  trans- 
mitted through  the  collodial  solution  for  two  different  thicknesses  of 
the  solution.  The  difference  in  thickness  of  the  two  layers  was 
0.214  cm.  Columns  4  and  5  show  the  ratio  of  the  energy  trans- 
mitted through  the  collodial  solution  to  that  transmitted  through  the 
supporting  medium,  which  in  the  case  of  silver  was  water.  Column 
6  shows  the  values  of  the  ratios  from  which  the  absorption  coeffic- 
ients of  the  colloidal  solution  were  calculated.  Column  7  shows  the 
values  of  the  absorption  coefficients  of  the  colloidal  solution  for  the 
various  wave-lengths.  Column  8  gives  the  value  of  )9,  the  differ- 
ence between  the  absorption  of  the  colloidal  solution  and  the  sup- 
porting medium,  water.  The  last  column  contains  the  values  of 
the  refractive  indices  calculated  from  the  fundamental  equation. 

Tables  V.,  VI.  and  VII.  contain  the  data  for  the  platinum  colloids 
reported  in  the  same  order  as  those  for  silver.  The  results  in  Table 
IV.  were  obtained  with  water  as  a  supporting  medium,  and  those  in 
Tables  V.  and  VI.  with  ethyl  malonate  as  the  supporting  medium. 
The  various  concentrations  (i  are  given  at  the  bottom  of  each  table. 

Table  IV.  gives  the  results  obtained  in  the  case  of  colloidal  gold 
in  ethyl  malonate,  and  Table  IX.  contains  the  absorption  coefficients 
of  water  and  of  ethyl  malonate,  for  the  slit  width  and  width  of  the 
bolometer  strips  employed  throughout  the  research. 

Table  X.  contains  the  values  of  the  absorption  coefficients  of  the 
metals  gold,  platinum  and  silver  taken  from  the  work  of  Rubens  ^ 
and  Hagen.  Values  which  were  not  given  by  them  and  which 
were  necessary  for  the  present  work  were  obtained  by  plotting  the 
values  given  by  them  and  drawing  a  smooth  curve  through  those 
points.  The  necessary  values  were  obtained  from  this  curve  and 
are  given  in  the  table. 

'Loc.  cit 
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In  Table  VIII.  are  reported  the  data  for  the  turbid  medium  made 
from  gum  mastic.  The  values  of  the  absorption  coefficients  /  are 
given  for  two  concentrations,  one  being  twice  the  other. 

To  obtain  curves  shown  as  Fig.  i,  the  absorption  coefficients 
were  plotted  as  ordinates  and  the  wave-lengths  as  abscissae.     The 
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Fig.  1. 

lowest  of  these  curves  represents  the  absorption  curve  of  water, 
and  the  remaining  three  are  the  absorption  curves  of  the  three  silver 
colloids  used  to  obtain  the  data  in  Tables  I.,  II.  and  III. 

The  uppermost  of  the  four  curves  shown  in  Fig.  2,  is  the  ab- 
sorption curve  of  the  gold  colloid,  obtained  from  the  data  of  Table 
IV.,  the  lowest  is  the  curve  of  ethyl  malonate,  and  the  remaining 
two  curves  are  those  for  the  platinum  colloids  of  Tables  V.  and  VI. 

In  order  to  show  graphically  the  manner  in  which  the  absorption 
due  to  the  presence  of  the  particles  alone  varied  with  the  wave- 
length, the  values  in  columns  4  and  5  for  each  table  containing  the 
data  for  the  determination  of  the  value  of  »,  have  been  plotted  as  a 
function  of  the  wave-length  (Fig.  3).  These  curves  show  the  ratio  of 
the  energy  transmitted  by  the  supporting  medium,  for  a  given  thick- 
ness and  for  the  various  wave-lenghs  within  the  range  of  observa- 
tion. They  bring  out  clearly  the  effect  of  these  minute  particles 
upon  the  absorption  of  light,  showing  that  they  are  less  and  less 
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effective  as  we  proceed  to  the  longer  wave-lengths,  the  absorption 
of  the  colloidal  solution  being  almost  identical  with  the  absorption 
of  the  supporting  medium.  The  greatest  effect  is  somewhere  in 
the  region  of  the  visible  spectrum,  in  all  probability  where  Ehren- 


haft  *  and  Miiller  ^  concluded  from  their  results  that  optical  reso- 
nance occurred. 

In  view  of  these  results,  the  question  at  once  arises  concerning 
the  numerical  relationship  between  the  values  of  the  absorption 
coefficients  and  the  wave-lengths.  Lord  Rayleigh  in  his  earlier 
work  upon  the  subject  of  atmospheres  containing  suspended  insu- 
lating particles  has  shown  from  theoretical  considerations  that  for 
such  an  atmosphere  containing  these  particles,  whose  sizes  are 
small  compared  to  a  wave-length,  the  absorption  varies  inversely 
as  the  inverse  fourth  power  of  the  wave-length.  We  have  suf- 
ficient data  given  here  to  investigate  the  relationship  for  colloidal 
solutions.  If  for  the  short  range  of  wave-lengths  just  beyond  the 
wave-length  5.89  x  lO"*  cm.  we  assume  that  the  absorption  due 
to  the  supporting  medium  is  negligible,  we  can  see  from  the  char- 
acter of  the  absorption  curves  of  the  colloids  that  no  such  k^  rela- 
tionship seems  to  exist  between  the  absorption  coefficients  and  the 
wave-lengths.  One  cannot  put  this  investigation  to  too  rigorous  a 
test  owing  to  the  fact  that  the  range  for  determining  a  relationship 

*Loc.  cit. 
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of  this  nature  is  too  limited.  Furthermore,  we  cannot  expect  such 
a  relationship  to  hold  near  a  region  of  optical  resonance,  such  as 
we  know  to  exist  in  the  case  of  these  colloidal  solutions,  at  a  very 
short  distance  from  the  sodium  lines  of  the  spectrum.     The  data 


Fig.  3. 


Fig.  4. 


obtained  in  this  investigation  give  rise  to  no  definite  relationship 
between  the  absorption  coefficient  and  the  wave-length,  with  regard 
to  colloidal  solutions. 

We  may  digress  here  for  a  moment  to  consider  the  case  for  which 
the  relationship  given  by  Lord  Rayleigh,  for  insulating  particles, 
should  hold.  In  Table  VIII.  are  given  data  for  such  a  medium  made 
of  gum  mastic,  and  the  results  are  plotted  in  Fig.  4.  Again  assum- 
ing that  the  absorption  of  the  supporting  medium  may  be  neglected 
where  it  is  small,  we  can  roughly  determine  the  relationship  between 
the  absorption  and  the  wave-length.  A  simple  calculation  shows 
that  the  absorption  varies  roughly  as  the  inverse  first  power  of  the 
wave-length,  which  does  not  conform  to  the  demands  made  by  the 
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Rayleigh  formula.  In  Table  VIII.  are  also  included  the  ratios  of 
the  difference  between  the  absorption  of  the  turbid  medium  and  its 
supporting  medium  for  the  two  concentrations  used  in  obtaining  the 
data.  The  ratios  show  that  the  absorption  varies  directly  as  the 
concentration. 

Table  I. 

Silver  Colloid  No,  1  in  Water, 


Wave- 
length in 
cm. 

A 

3 

4 

A* 
A 

5 

A« 
A 

6 
A 
A 

7 

8 

9 

zo 

n 

5.89X10-* 

86.0 

66.2 

86.0 

66.2 

1.30 

.5721X10^ 

.S721X10-* 

.602 

.35 

6 

87.3 

74.8 

86.3 

73.8 

1.16S 

.3400 

<« 

.3400 

« 

1.061 

.36 

7        •* 

90.0 

84.7 

87.5 

83.7 

1.062 

.1561 

<( 

.1561 

« 

2.947 

.46 

8        " 

81.3 

87.3 

89.5 

8S.4 

1.046 

.1220 

n 

.1220 

ti 

4.215 

.52 

9 

92.9 

90.0 

91.0 

89.0 

1.033 

.1099 

ti 

.0767 

it 

7.430 

.57 

10        " 

92.3 

8S.8 

92.3  ,  92.3 

1.076 

.2740 

« 

.0595 

tt 

10.246 

.61 

11 

92.2 

86.8 

94.5 

93.2 

1.062 

.2386 

<( 

.0400 

« 

16.020 

.64 

12        " 

82.3 

63.9 

95.8 

9S.5 

1.287 

1.1223 

«< 

.0267 

«( 

24.660 

.66 

13        " 

68.2 

37.4 

96.0 

93.5 

1.823 

2.8943 

«< 

.0253 

« 

26.84 

.68 

14        " 

19.4 

2.42 

97.5 

97.0 

8.010 

10.786 

<« 

.0203 

<« 

34.45 

.70 

IS        " 

43.3 

7.80 

98.7 

97.S 

S.SIS 

9.4831 

(( 

.0177 

It 

40.70 

.72. 

/i  =  2.12X10^. 


Table  II. 

Silver  Colloid  No,  2  in  Water, 


Wave- 
length in 
cm. 

a 
A 

3 
A 

4 

A* 
A 

5 

A"* 
A 

6 
A 
A 

7 

8 

9 

9a»V 

10 

5.89X10^ 

81.0 

57.0 

81.0 

57.0 

1.42 

.8844X10-* 

.8844X10-* 

.444 

.38 

6 

< 

82.5 

66.8 

81.5 

65.8 

1.253 

.5000 

.5000 

.780 

.39 

7 

« 

86.0 

79.3 

83.5 

78.1 

1.084 

.2077 

.2077 

2.166 

.45 

8 

< 

87.1 

8L8 

85.5 

79.9 

1.065 

.1845 

.1710 

3.099 

.53 

9 

« 

89.1 

85.0 

87.4 

84.0 

1.048 

.1583 

.1251 

5.463 

.56 

10 

< 

89.6 

82.6 

89.6 

88.8 

L084 

.2981 

.0831 

7.460 

.62 

11 

4 

89.1 

83.5 

91.5 

89.9 

1.067 

.2546 

.0560 

1L780 

.66 

12 

< 

80.2 

62.1 

93.4 

92.8 

L291 

L1326 

.0370 

18.10 

.67 

13 

i« 

67.3 

36.8 

95.0 

92.0 

1.830 

2.903 

.0340 

19.71 

.67 

14 

i< 

19.25 

2.40 

97.0 

96.0 

8.024 

10.7935 

.0275 

25.30 

.69 

15        " 

38.4 

6.9 

98.5 

86.0 

5.521 

9.4891 

.0237 

29.90 

.71 

A<  =  2.76X10-*. 
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It  was  shown  in  the  fundamental  equation  which  was  derived  to 
fit  the  general  case  of  colloidal  solutions  that  the  absorption  due  to 
the  small  metallic  particles,  small  compared  to  a  wave-length,  was 
directly  proportional  to  the  concentration  when  the  absorption  of 
the  supporting  medium  could  be  neglected.     It  was  also  shown 

Table  III. 

Silver  Colloid  No,  j  in  Water. 


Wave- 
length in 
cm. 

A 

3 

4 

5 

/a" 

6 
A 

7 

8 

9 

xo 

n 

5.89X10^ 

89.0 

76.0 

89.0 

76.0 

1.17 

.5224X10-« 

.5224XlO-« 

.879 

.28 

6   " 

90.5 

82.7 

89.5 

81.7 

1.094 

.2105 

.2105 

1.14 

.34 

7 

94.1 

90.6 

91.5 

89.6 

1.038 

.0963 

.0963 

4.30 

.42 

8   " 

94.3 

92.1 

92.5 

90.3 

1.024 

.09426 

.08126 

6.153 

.50 

9   " 

95.5 

91.5 

93.5 

90.5 

1.044 

.08330 

.0500 

10.84 

.54 

10 

94.3 

87.9 

94.3 

94.3 

1.072 

.2550 

.0403 

14.95 

.60 

11   " 

92.6 

87.1 

95.0 

93.6 

1.062 

.2358 

.03721 

17.49 

.65 

12 

82.2 

63.9 

95.7 

95.5 

1.285 

1.1130 

.0184 

36.0 

.66 

13 

68.8 

38.6 

97.0 

96.5 

1.783 

2.7863 

.0173 

39.2 

.68 

14   " 

19.5 

2.46 

98.0 

97.9 

7.926 

10.7199 

.0139 

50.3 

.70 

15   " 

43.6 

8.1 

99.0 

98.5 

5.382 

9.4777 

.0123 

59.4 

.73 

fi  =  1.45  X 10-*. 

that  in  general,  when  the  absorption  of  the  supporting  medium 
could  not  be  neglected,  that  the  difference  between  the  absorption 
of  the  colloidal  solution  and  the  supporting  medium  was  proportional 
to  the  concentration.  If  we  take  the  ratio  of  (/  —  w)  for  any  two 
concentrations  for  a  given  wave-length,  the  result  should  be  equal 
to  the  ratio  of  the  concentrations.  Table  XI.  contains  the  results 
of  such  computations  for  the  colloids  of  platinum  and  silver.  At 
the  bottom  of  each  column  is  given  the  ratio  of  the  concentrations. 
The  results  contained  therein  show  conclusively  that  the  relationship 
deduced  from  the  theory  is  correct.  The  range  over  which  these 
values  extend  is  about  three  times  the  length  of  the  visible  spectrum 
and  yet  there  are  no  evidences  of  marked  regular  deviation  from 
proportionality.  In  this  connection  it  must  be  borne  in  mind  that 
an  error  of  a  fraction  of  one  per  cent,  in  the  experimental  determi- 
nation of  /j  and  /j  introduces  a  very  large  error  in  the  value  of  the 
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absorption  coefficient,  owing  to  the  fact  that  the  expression  for  the 
absorption  contains  a  logarithmic  function,  and  hence  any  regular 
deviation  from  the  prediction  by  the  analysis  would  make  itself  evi- 
dent when  the  absorption  coefficient  had  been  determined. 

Table  IV. 

Goid  Colloid  in  Ethyl  Malonaie, 


I 

a 

3 

4 

5 

6 

7 

8 

9 

10 

Wave- 

length  in 
cm. 

/, 

/. 

A 

/ 

/-« 

n 

5.89X1(^4 

75.2 

45.0 

75.1 

45.0 

1.672 

1.008  XIO^ 

L008  XIO^ 

.4088 

.45 

6 

77.81 

49.31 

76.2 

48.3 

1.578 

.9626    " 

.0626    " 

.4988 

.48 

7 

84.90 

77.61 

801 

73.9 

1.093 

.2290    " 

.2290    " 

2.640 

.60 

8 

90.23 

86.75 

84.3 

80.9 

1.040 

.1151    " 

.1153     " 

6.250 

.71 

9 

93.50 

91.13 

86.1 

85.1 

1.026 

.0860    " 

.0740    " 

10.403 

.77 

10 

92.87 

90.69 

87.2  I  83.0 

1.024 

.0850    " 

.0490    " 

16.67 

.82 

11 

96.50 

93.68 

91.0 

87.5 

1.030 

.1147    " 

.0341    " 

24.93 

.85 

12 

94.72 

87.30 

92.0 

91.9 

1.085 

.3642    " 

.02324  " 

37.42 

.87 

13 

«* 

%.10 

78.64 

94.2  90.2 

1.222 

.5624    " 

.01772  " 

50.20 

.89 

14 

%.81 

88.17 

94.9   97.0 

1.098 

.4856    " 

.01280  ** 

64.39 

.90 

IS 

95.50 

77.39 

96.5  ,  94.5 

1.234 

1.1701    " 

.01126  " 

80.80 

.91 

16 

81.25 

50.94 

98.0 1  97.5 

1.595 

2.8872    " 

.00928  " 

99.93 

.93 

17 

74.90 

55.40 

98.6   99.0 

13.57 

2.8963    " 

.00762  " 

123.3 

.94 

18 

88.00 

59.37 

99.0 '  99.0 

14.77 

2.6183    «' 

.00652  " 

146.52 

.95 

/i  =  .759X10-*. 

It  has  thus  been  shown  that  for  the  colloidal  solutions  investigated, 
the  absorption  is  directly  proportional  to  the  concentration,  and  that 
furthermore,  the  conditions  for  the  application  of  the  analysis  for  the 
determination  of  the  refractive  indices  of  the  metals  is  warranted ; 
namely,  that  there  are  many  particles  to  the  wave-length.  This 
confirms  the  results  obtained  by  Mie,^  from  purely  theoretical  con- 
siderations, and  also  agrees  with  the  direct  experimental  results 
obtained  by  Zsigsmondy  ^  and  Siedentopf,  who  by  ultra-microscopic 
means  found  that  these  colloidal  particles  are  small  compared  to  a 
wave-length  and  are  spherical  in  shape. 

If  in  the  application  of  the  analysis  we  find  that  the  values  for  the 
refractive  indices  remain  constant  for  a  given  wave-length,  for  any 
metal,  no  matter  what  the  supporting  medium  is,  we  arc  further 
assured  of  the  correctness  of  the  deductions.     The  values  of  n  ob- 

'  Loc.  cit 
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I 

% 

3 

4 

5 

6 

7 

9 

zo 

Wave- 

length  in 

cm. 

A 

A 

A* 
A 

A» 
A 

A 
A 

/ 

/— 

n 

S.89X10-S 

69.20 

34.77 

68.2 

34.7 

1.990 

1.500  X10-* 

1.500  XIO^ 

10.32 

1.75 

6 

73.41 

35.79 

72.5 

34.9 

2.051 

1.5%     " 

1.596     ** 

10.93 

2.40 

7 

81.23 

51.70 

79.0 

50.2 

1.571 

1.177     " 

L177     " 

16.63 

3.4S 

8 

84.10 

62.15 

82.5 

61.0 

1.353 

.907     •« 

.907     " 

22.14 

4.1 

9 

85.98 

69.11 

84.0 

68.6 

1.244 

.726     " 

.726     " 

27.56 

4.3 

10 

87.07 

70.90 

87.0 

n2 

1.228 

.7918   " 

.5768   " 

35.08 

4.4 

11 

88.16 

76.79 

90.0 

82.2 

1.184 

.6860   " 

.4870   " 

42.00 

4.5 

12 

78.92 

56.18 

91.0 

84.3 

1.387 

1.4532   " 

.3576  " 

54.77 

4.62 

13 

64.75 

33.81 

91.2 

77.0 

1.915 

3.1281   « 

.3591   *• 

55.05 

4.75 

14 

18.51 

21.79 

933 

87.0 

8.492 

11.0887   " 

.3127   " 

62.32 

4.82 

IS 

41.25 

71.57 

93.9 

89.5 

5.762 

9.7281   " 

.2627   " 

71.79 

4.85 

16 

51.47 

12.44 

95.1 

92.4 

4.134 

8.4085   •* 

.2085   '* 

81.39 

4.89 

17 

46.42 

14.86 

%.o 

91.1 

3.122 

7.1656   " 

.2156  " 

88.09 

4.92 

/i  =  118XlO-». 


Table  VI. 

Platinum  Colloid  No.  2  in  Ethyl  Malonate. 


I 

% 

3 

4 

s 

7 

8 

9 

lO 

Wave- 

length  in 

cm. 

A 

A 

■i 

A! 
A 

A 
A 

/ 

^-«r 

a* 

H 

5.89X10-* 

80.21 

48.00 

78.9 

47.5 

L671 

.6458X10^ 

.6458X10-* 

10.32 

1.40 

6 

81.40 

56.53 

80.5 

56.0 

1.440 

.8114    *' 

.8114    " 

.     10.93 

2.55 

7 

85.64 

65.71 

87.2 

64.0 

L288 

.5918    " 

.5918    " 

16.63 

3.59 

8 

89.30 

76.65 

82.7 

7L5 

L165 

.4549    " 

.4549    " 

22.14 

4.05 

9 

93.31 

8L01 

86.5 

75.9 

L153 

.4753    ** 

.3633    ** 

27.56 

4.30 

10 

95.52 

87.55 

90.0 

83.3 

L091 

.3261    " 

.2911    ** 

35.08 

4.49 

11 

97.81 

9L84 

93.0 

87.1 

1.065 

.2540    " 

.2454    •• 

42.00 

4.59 

12 

96.80 

86.57 

94.0 

91.2 

L117 

.4939    " 

.1799    " 

54.77 

4.67 

13 

96.02 

82.61 

94.1 

93.0 

L163 

.7252    *' 

.1805    " 

55.05 

4.81 

14 

96.91 

86.29 

95.0 

94.5 

L123 

.6299    " 

.1571    ** 

62.32 

4.86 

15 

94.60 

76.85 

95.5 

93.2 

L231 

L1901    " 

.1326    " 

71.79 

4.89 

16 

79.59 

49.01 

96.0 

93.3 

L624 

2.8732    " 

.1148    " 

81.39 

4.93 

17 

73.32 

53.40 

96.7 

95.5 

1.373 

L9947    " 

.1060    " 

88.09 

5.1S 

/i  =  1.091  XlO-». 
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tained  for  gold,  platinum  and  silver  show  that  they  are  independent 
of  the  supporting  medium.  The  values  of  the  refractive  indices  for 
silver  range  from  0.34  for  the  wave-length  5.89  x  lO"*  to  0.72  for 
the  wave-length  15  x  lO"*  cm.  The  values  for  platinum  begin 
with  1.48  at  the  wave-length  5.89  x  io~*  cm.  and  rise  steadily  to 
5.02  at  a  wave-length  17  x  io~*  cm.,  while  for  gold  the  values  ex- 
tend from  0.45  to  0.95  for  the  wave-lengths,  5.89  x  io~*  cm.  to 
18  X  lO""*  cm.  respectively. 

Table  VII. 

Platinum  Colloid  No,  i  in  Ethyl  Malonate. 


I 

1 

3 

4 

5 

6 

7 

8 

9 

xo 

Wave- 

length  in 
cm. 

A 

t 

A-! 
A 

A* 
A 

A 
A 

/ 

/— w 

(a«-av»)« 

n 

5.89K10-* 

87.0 

74.89 

87.0 

74.9 

1.163 

.3282X10-* 

.3282X10-* 

10.32 

1.30 

6 

88.4 

72.40 

87.5 

71.5 

1.221 

.4262    ** 

.4262    " 

10.93 

2.40 

7 

95.2      84.86 

89.0 

80.8 

1.123 

.3129    " 

.3129    " 

16.63 

3.50 

8 

96.03  1  88.50 

89.9 

82.8 

1.085 

.2429    " 

.2429    '* 

22.14 

4.0 

9 

97.5 

91.89 

90.5 

85.7 

1.061 

.1985    " 

.1835    " 

27.56 

4.2 

10 

98.49 

94.43 

93.1 

40.0 

1.043 

.1563    " 

.1527    " 

35.08 

4.5 

11 

99.83 

96.64 

94.2 

92.7 

1.033 

.1401    " 

.1315    " 

42.00 

4.6 

12 

97.61 

89.00 

94.8 

93.7 

1.096 

.4100    " 

.0960    " 

54.77 

4.65 

13 

97.10 

85.03 

95.2 

97.5 

1.142 

.6412    " 

.0965    " 

55.05 

4.80 

14 

97.89 

87.95 

96.0 

96.5 

1.113 

.5556    " 

.0828    " 

62J2 

4.85 

IS 

95.81 

78.09 

96.8 

95.1 

1.227 

1.7277    '* 

.0702    " 

71,97 

4.90 

16 

80.59 

51.43 

97.1 

98.0 

1.567 

2.8186    " 

.0602    " 

81.39 

4.95 

17 

74.40 

54.58 

98.0 

97.5 

1.363 

1.9475     " 

.0588    " 

88.09 

.05 

^  =  .584X10-*. 

It  was  quite  surprising  to  learn  that  the  values  of  the  refractive 
indices  increased  with  increasing  wave-length,  yet  after  having  found 
this  to  be  the  case,  it  was  at  once  apparent  that  the  behavior  of  the 
metals  as  regards  their  reflection  would  lead  one  to  expect  that  there 
should  be  found  a  region  of  anomalous  dispersion,  extending  into 
the  infra-red,  and  having  its  origin  in  the  region  of  the  visible 
spectrum. 

Drude*  and  Kundt*  have  obtained  values  of  the  refractive 
indices  for  the  metals,  gold,  platinum  and  silver,  at  a  wave  length 
5.89  X  lO""*  cm.,  the  values  for  the  above  metals  are  0.38,  2.1  and 

*  Theory  of  Optics,  p.  366. 
>Phn.  Mag.,  26,  p.  5. 
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0.18  respectively.  The  values  obtained  in  this  paper  do  not  agree 
very  closely  with  those  obtained  by  these  observers.  The  values 
reported  by  Drude  were  obtained  by  a  katoptric  method,  which  is 
open  to  the  objection  that  it  is  indirect  and  that  large  experimental 
error  may  be  introduced  both  in  observation  and  by  the  existence 
of  surface  films  on  the  metallic  surfaces. 

Table  VIII. 

Absorption  Coefficitnts, 


Of  Gum  Mastic  No.  x. 


Wave. 

longth  in 
cm. 


5.89X10  * 

6 

7        " 

8 

9 
10 

11        " 
12 
13 
14 
15 


A 

/. 

A 

A^ 
A" 

A 

38.0 

4.9 

7.75 

4.85 

i 
7.75 

47.5 

10.5 

46.5 

10.3 

4.50 

57.0 

16.5 

56.0 

16.2 

3.45 

65.0 

22 

65.0 

23.5 

2.95 

68.0 

28 

70.0 

30.2 

2.43 

65.0 

26 

76.0 

39.0 

2.50 

56.0 

16 

79.0 

40.0 

3.50 

29.5 

2.0 

67.8 

79.0 

14.74 

39.1 

5.7 

89.0 

71.0 

6.8 

f 

5.51  X10-* 

4.448 

4.118 

4.000 

3.619 

4.080 

6.032 

13.96 

10.65 

5.51  X10-* 

4.448  " 

4.118  '* 

3.78  " 

3.42  " 

3.00  " 

4.27  '* 

3.20  " 

1.19  " 


Of  Qum  Mastic  No.  1. 


Wave. 

langth  in 
cm. 

A 

A 

A* 
A 

A 

A 
A 

/ 

/- 

t'  —  w 

5.89X10^ 

6        »* 

62.0 

19.1 

3.26 

61.5 

18.8 

2.522X10-* 

2.522X10-* 

7 

68.5 

25.9 

2.64 

66.5 

25.7 

2.513    " 

2.513    " 

11 

8        *• 

75.0 

34.0 

2.21 

73.5 

33.2 

2.344    ** 

2.344    " 

1.9 

9        '« 

80.0 

41.0 

1.95 

78.0 

40.5 

2.223    " 

2.223    " 

1.86 

10        ** 

86.0 

47.1 

1.83 

86.0 

50.5 

2.230    ** 

2.00      " 

1.68 

11 

88.0 

52.3 

1.69 

90.5 

56.0 

2.134    *• 

1.94      ** 

1.70 

12 

78.1 

43.0 

1.82 

91.0 

64.1 

2.664     " 

1.57      " 

1.54 

13 

65.0 

28.0 

2.32 

91.5 

70.0 

4.043    " 

2.28      '* 

1.94 

14 

21.1 

1.9 

11.1 

93.2 

76.0 

12.474    ** 

1.70      " 

1.90 

15        " 

40.9 

68.2 

5.77 

93.0 

85.0 

10.06      " 

6.0        " 

2.0 

Kundt's  method  was  a  very  direct  one.     He  succeeded  in  ob- 
taining very  acute-angled  prisms,  to  which  he  applied  the  ordinary 
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method  for  determining  the  value  of  n.  This  method  is  open  to 
the  objection  that  it  is  highly  probable  that  such  metallic  prisms  are 
not  homogeneous  in  structure,  and  it  is  a  very  difficult  task  to 
obtain  a  measurement,  by  means  of  such  small  angled  prisms. 

The  method  of  this  paper  is  a  direct  one  from  an  experimental 
point  of  view,  and  the  measurements  are  capable  of  considerable 
accuracy,  if  carefully  taken  and  with  accurate  apparatus.  The 
fundamental  assumptions  make  the  method  of  finding  an  equation 
for  n  an  indirect  one,  but  it  is  no  more  indirect  than  Drude's 
method  of  obtaining  n,  in  terms  of  the  azimuth  of  restored  polari- 
zation and  the  principal  angle  of  incidence. 

Table  IX. 

Ahorpii^n  Coefficients, 


Wave. 

length  in 
cm. 

Ethyl  Malonate. 

Wave- 

length  in 
cm. 

Water. 

/,• 

/«• 

A! 

w 

A* 

/.• 

w 

5.89X10-* 

100 

100 

1.00 

0 

5.89X10-* 

101 

101 

1.00 

0 

6 

101 

101 

1.00 

0 

6 

101 

101 

1.00 

0 

7 

105 

105 

1.00 

0 

7 

103 

103 

1.00 

0 

8 

107 

107 

1.00 

0 

8 

102 

102 

1.00 

0 

9 

108.5 

107 

1.01 

.0120X10-* 

9 

102 

101 

1.01 

.0033X10-* 

10 

106.1 

105.2 

1.01 

.036      •* 

10 

100 

93.0 

1.06 

.2150 

(( 

11 

106.0 

104.0 

1.02 

.0806    •• 

11 

97.5 

93.0 

1.05 

.1986 

« 

12 

103.0 

95.0 

1.08 

.3140    '• 

12 

86.0 

67.1 

1.28 

1.0956 

(« 

13 

102.0 

87.0 

1.12 

.5447    " 

13 

71.1 

40 

1.78 

2.769 

(< 

14 

102.0 

91.0 

1.094 

.4728    " 

14 

19.95 

2.5 

7.98 

10.766 

i< 

IS 

99.1 

82.1 

1.21 

1.0575    •* 

15 

44.0 

8.0 

5.50 

9.465 

t< 

16 

83.0 

52.5 

1.592 

2.7584    •* 

16        - 

54.0 

13.5 

4.0 

8.700     * 

< 

17 

76.1 

56.0 

1.35 

1.8887    " 

17 

49.0 

16.27 

3.013 

6.950 

( 

18 

89.0 

60.0 

1.48 

2.6118    *' 

!l8       - 

The  final  and  most  striking  test  of  the  correctness  of  the  values 
of  n  obtained  by  the  method  of  this  paper  is  by  means  of  an  equa- 
tion deduced  by  Drude  ^  for  the  reflection  coefficient  in  terms  of  the 
absorption  coefficients  a,  and  the  refractive  indices  «.  The  equa- 
tion is 

(««-,)» +^ 

1  Physik  des  Aethers,  p.  457. 


Digitized  by 


Google 


26o 


B,  y.  SPENCE, 


[Vol.  XXVIII. 


The  values  of  the  absorption  coefficients  are  known  from  the 
work  of  Rubens  *  and  Hagen,  and  the  same  investigators  have  ob- 
tained accurate  measurements  of  the  reflection  coefficients.  Sub- 
stituting the  values  of  n  given  in  this  paper  and  the  values  of  a^  the 
values  of  R^  thus  computed,  should  agree  with  the  observed  values 
of  R.  Table  XII.  contains  the  results  of  such  computations.  The 
computed  and  observed  values  of  R  show  a  remarkable  agreement 
in  the  case  of  silver,  and  the  agreement  in  the  case  of  platinum  and 
gold  is  veiy  good.  It  will  be  noticed  that  an  error  in  n^  would,  on 
account  of  the  fact  that  it  enters  as  the  second  power  in  the  above 
equation,  produce  a  correspondingly  greater  error  in  the  calculated 
value  of  the  reflecting  power  of  the  solid  metal.  In  view  of  the 
good  agreement  between  calculated  and  observed  values  of  R^  it 
seems  that  the  correctness  of  the  values  of  n  reported  in  this  paper 
is  placed  beyond  question. 

Table  X. 

Absorption  Coefficients,^ 


Wave-length 

Platinum. 

Gold. 

Silver. 

in  cm. 

« 

«» 

a 

«« 

« 

«* 

S.89X10-* 

4.08 

16.65 

2.82 

7.95 

3.67 

13.47 

6 

4.16 

17.30 

2.91 

8.49 

4.20 

17.64 

7 

4.81 

23.13 

4.13 

17.06 

5.52 

30.47 

8 

5.36 

28.83 

5.19 

26.94 

6.21 

37.70 

9 

5.94 

34.28 

6.00 

36.00 

7.25 

52.56 

10 

6.47 

41.86 

6.90 

47.61 

8.00 

64.00 

11 

6.85 

46.92 

7.80 

60.84 

9.15 

83.40 

12 

7.85 

61.65 

8.85 

78.33 

10.3 

110.0 

13 

7.87 

61.93 

9.70 

94.04 

10.9 

118.8 

14 

8.32 

69.22 

10.5 

110.25 

11.8 

138.2 

15 

8.93 

79.27 

11.3 

127.69 

12.4 

153.96 

16 

9.38 

88.34 

12.1 

146.41 

17 

9.80 

95.04 

13.0 

169.10 

18         «' 

13.7 

187.67 

Conclusion. 
In  the  endeavor  to  supplement  the  existing  data  obtained  for  col- 
loidal solutions  and  turbid  media  in  the  visible  spectrum  by  extend- 
ing the  field  of  investigation  into  the  infra-red  region  of  the  spectrum 
» Phil.  Mag.,  7,  p.  157,  1904. 
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Table  XL 


Silver, 


Platinum, 


Wave. 

length  in 

cm. 

{t—w\  for  No.  x' 
\t—w)  for  No.  a' 

U-w)  for  No.  X 
(/-w)  for  No.  3 

(/-w)  for  No.  a 
(/-w)  for  No. 

(/— w)  for  No.  X 
(/— w)  for  No.  a 

(/-w)  for  No.  X 
(/— w)  for  No.  3 

(/-w)  tor  No.  a 
(/— w)  for  No.  3 

5.89    10-* 

.65 

1.10 

1.69 

.50 

.21 

.427 

6        '* 

.68 

1.62 

2.40 

.517 

.265 

.51 

7 

.75 

1.66 

2.04 

.517 

.265 

.50 

8 

.70 

1.50 

2.01 

.53 

.26 

.52 

9        " 

.61 

1.52 

2.50 

.50 

.25 

.50 

10        - 

.71 

1.49 

2.07 

.52 

.26 

.50 

11 

.715 

1.08 

1.51 

.54 

.27 

.50 

12 

.73 

1.45 

2.05 

.50 

.265 

.49 

13 

.735 

1.46 

2.01 

.50 

.27 

.50 

14 

.736 

1.46 

2.01 

.51 

.257 

.49 

15 

.747 

1.44 

2.02 

.54 

.27 

.50 

16 

.52 

.28 

.53 

17 

.55 

.24 

.38 

Mean 

.706 

1.43 

2.03 

.52 

.26 

.50 

Ratios  of 
Concentra- 
tions. 

^^■^=76 
No72     -^^ 

No.  3 

^!  =  1.94 
No.  3 

^'^-  ^=537 
No.  2     -^^^ 

No.  1      ^^ 
No.  3--^^ 

No.  3     '^ 

as  far  as  present  means  will  permit,  the  writer,  by  the  help  of  the 
analysis  developed  in  the  course  of  the  research,  has  arrived  at  the 
following  conclusions : 

1.  That  the  difference  between  the  absorption  of  the  colloidal 
solution  and  the  absorption  of  the  supporting  medium  is  directly 
proportional  to  the  concentration.  For  turbid  media  this  cannot  be 
said  to  be  the  case,  generally,  owing  to  the  variation  of  the  size  of 
the  particles  for  different  media. 

2.  That  the  Rayleigh  formula, 

32n-(«^—  i) 


H^ 


inX' 


where  H  is  the  absorption,  n  the  refractive  index  of  the  particle,  and 
X  the  wave-length,  holds  neither  for  the  case  of  turbid  media,  for 
which  it  was  developed,  nor  for  colloidal  solutions.  The  law  of 
absorption  cannot  be  stated  definitely  from  this  work. 

3.  That  the  values  of  the  refractive  indices  «,  for  the  metals,  de- 
termined by  this  method  are  independent  of  the  supporting  medium 
and  are  strictly  inherent  in  properties  of  the  metals  themselves. 
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4%  That  the  final  test  as  to  the  correctness  of  the  analysis,  by 
means  of  the  equation  of  Drude, 

^ -(«*+!)*  +  «»' 

where  R  is  the  reflection  coefficient  and  a  the  absorption  coefficient, 
places  the  values  of  the  refractive  indices  obtained  for  the  metals 
gold,  silver  and  platinum  beyond  question. 

The  writer  wishes  to  express  his  gratitude  to  Professor  A.  Trow- 
bridge at  whose  suggestion  and  under  whose  direction  and  advice, 
the  work  was  finally  brought  to  its  present  state.  The  writer  also 
expresses  his  indebtedness  to  Professor  G.  A.  Hulett  for  valuable 
suggestions  and  aid  in  the  construction  of  the  standard  batteries. 

Palmer  Physical  Laboratory, 
Princeton  University. 
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ON   THE    BURSTING  STRENGTH  OF    GLASS  TUBING. 

By  J.  R.  Roebuck. 

THE  bursting  strength  of  a  number  of  samples  of  glass  tubing 
were  determined  as  a  preliminary  to  some  work  with  high 
pressures  in  glass  apparatus.  Similar  work  has  already  been  pub- 
lished by  Bradley  and  Browne  ^  but  they  worked  only  over  narrow 
ranges  of  bore  and  wall.  In  view  of  the  small  amount  of  data  on 
this  subject,  it  seemed  profitable  to  extend  this  preliminary  series 
and  to  publish  the  results. 

The  glass  was  ordered  from  Eimer  and  Amend,  German  soda 
glass  specified,  and  the  maker's  name  requested.  After  the  work 
was  under  way  it  was  ascertained  that  the  tubing  had  been  picked 
from  the  stock  on  their  shelves  and  possibly  came  from  more  than 
one  maker.  Some  of  the  variation  in  the  results  may  be  due  to 
this  cause  but  the  work  of  Winklemann  and  Schott  has  shown  a 
variation  in  the  tensile  strength  of  only  about  a  factor  of  three  with 
extreme  variation  in  the  composition.  Generally  the  samples 
handled  similarly  in  the  blowpipe  and  joined  readily  to  the  capillary 
tubing  employed  as  leads.  This  tubing  of  soft  German  soda  glass 
is  the  kind  generally  used  in  glass  apparatus  and  consequently  the 
kind  a  knowledge  of  whose  strength  is  the  most  useful. 

For  the  sake  of  uniformity  the  shape  of  tube  employed  in  the 
preliminary  tests  was  used  throughout  practically  the  whole  series. 
In  the  case  of  a  few  of  the  heavy  walled  tubes  however  it  was 
necessary  to  mount  them  directly  in  the  machine  as  the  leads  often 
fell  below  them  in  strength.  The  tubes  to  be  tested  were  drawn 
down  at  both  ends  to  i  mm.  or  less  bore  and  about  3  mm.  wall 
and  one  capillary  end  sealed.  The  part  of  the  tube  free  of  constric- 
tion was  1 5  cm.  or  more  except  in  a  very  few  instances  where  the 
chances  of  glass  working  in  heavy  walled  tubing  made  them  a  few 

cm.  less. 

>  Jour,  of  Phys.  Chem.,  8,  37,  1904. 
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A  number  of  samples  of  different  glasses  were  tried  first  and  they 
all  showed  the  presence  of  heavy  strain  by  their  repeated  cracking 
in  the  flame.  This  conclusion  was  checked  by  immersing  the 
tubing  in  a  mixture  of  aniline  and  alcohol  of.  approximately  the 
same  refractive  index  as  the  glass,  to  exclude  lens  effects,  and 
examining  between  crossed  nicols.  It  was  immediately  apparent 
that  the  glass  would  all  require  careful  annealing  both  before  and 
after  working  in  the  flame.  The  preliminary  annealing  was  neces- 
sary as  otherwise  the  tubing  flew  to  pieces  repeatedly  during  the 
most  cautious  heating  in  the  smoky  flame.  Accordingly  an  electric 
furnace  consisting  of  a  porcelain  tube  wound  with  nickel  wire,  was 
built  and  well  covered  with  asbestos  packing.  An  iron-copper 
thermo-couple  with  one  junction  exposed  to  room  temperature 
served  to  duplicate  the  temperature  employed  which  was  fixed  by 
observing  the  galvanometer  deflection  when  a  long  rod  through  the 
furnace  could  be  slightly  but  permanenly  bent.  The  E.M.F.  had 
fallen  almost  to  zero  again  and  corresponded  to  a  temperature  in 
the  neighborhood  of  500®  C.  The  procedure  was  to  heat  the  fur- 
nace filled  with  tubes  slowly  to  this  temperature,  requiring  close  to 
an  hour,  hold  at  this  temperature  for  about  an  hour  and  allow  to 
cool  spontaneously,  usually  over  night.  Under  this  treatment  the 
glass  tubes  never  stuck  together  nor  to  the  furnace  but  required 
careful  support  throughout  their  length.  The  tubes  so  treated 
showed  absolutely  no  illumination  between  crossed  nicols. 

The  difficulty  of  joining  glass  and  metal  tubing  has  been  a  source 
of  constant  annoyance  to  those  attempting  it  In  some  of  his  papers 
Kammerling  Onnes  *  refers  to  "  Cailletet's  method  "  but  gives  a  very 
meager  description  of  the  method  he  uses.  It  seems  to  be  sub- 
stantially as  follows.  The  glass  tube,  swelled  or  constricted  slightly 
in  one  or  two  places,  is  first  coated  with  a  film  of  platinum  or  silver. 
The  silver  may  be  put  on  in  an  ordinary  silvering  bath  but  is  more 
trouble  than  the  plantinizing.  A  good  conducting  film  of  platinum  * 
may  be  obtained  by  brushing  over  the  glass  a  water  solution  of 
platinum  chloride  and  dextrine,  say  one  or  two  per  cent  of  each, 
drying  the  tube  well  above  the  flame  of  a  Bunsen  burner  and 

^Proc.  Amsterdam  Acad.,  8,  75,  1905. 
'  Tbrdfal,  Laboratory  Arts. 
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finally  incinerating  directly  in  the  flame.  Any  small  flakes  of 
platinum  may  be  brushed  ofl*  with  a  soft  wad  of  cotton  and  the 
film  will  be  bright,  conducting  but  semi-transparent  This  is  then 
copper  plated  from  .5  to  i  mm.  thick  and  3  to  4  cm.  along  the  tube^ 
a  loop  of  wire  around  the  tube  serving  for  preliminary  contact. 
Sweating  into  a  brass  or  iron  tube  finishes  the  joint.  One  of  these 
joints  has  been  in  satisfactory  use  in  a  vacuum  apparatus  in  this 
laboratory  for  months.  I  have  had  several  carry  670  atmospheres 
pressure  without  leak  or  rupture.  The  glass  rarely  breaks  inside 
the  metal  and  will  stand  rough  treatment,  for  example,  cooling  the 
metal  of  the  sweated  joint  with  wet  cotton,  which  was  the  regular 
proceeding  with  the  6  mm.  capillary  tubing  joints.  The  metal 
clings  to  the  glass  strongly  as  shown  by  it  requiring  300  atmos- 
pheres on  the  end  of  a  6  mm.  capillary  tube  to  make  the  glass 
slip  inside  the  metal  sheath  although  the  glass  was  a  plain  cylinder 
without  constriction  or  enlargement.  Small  bubbles  in  the  thin 
copper  sheath  were  frequently  noticed,  apparently  due  to  the  vapor 
pressure  of  water  included  during  the  plating,  and  these  bubbles 
always  left  the  glass  at  a  considerable  angle.  It  is  difficult  to  speak 
highly  enough  of  the  exceedingly  satisfactory  performance  of  these 
joints. 

In  making  the  tests  the  annealed  tubes  were  joined  to  previously 
prepared  glass  capillary  leads  and  this  joint  annealed  only  in  the 
smoky  flame.  The  capillary  was  sweated  to  the  connector  for  the 
Cailletet  pump  and  the  pressure  applied  steadily  with  the  pump  for 
low  pressures  and  in  increments  of  about  5  atmospheres  for  the 
high  pressures  using  the  screw  plunger,  until  the  tube  burst  In 
cases  where  the  capillary  lead  burst  it  was  replaced  and  the  test 
repeated.  In  a  few  instances  when  the  glass  had  been  brought  to 
near  the  breaking  point,  on  repeating  the  application  of  the  pres- 
sure, the  tube  would  break  much  below  the  previous  pressure!  No 
trace  of  strain  as  indicated  by  double  refraction  could  be  observed 
in  tubes  either  broken  or  unbroken  by  the  flrst  tests  and  the  same 
phenomenon  occurred  after  annealing  between  tests.  It  is  possible 
that  the  extremely  sudden  shock  of  the  first  break  had  weakened 
or  broken  the  surface  under  strain.     Phillips  ^  has  shown  that  glass 

1  Phil.  Mag.  (6),  9,  520,  1905. 
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rods  of  small  cross-section  steadily  increase  in  length  when  sub- 
jected to  tensions  near  the  breaking  tensions.  The  effect  of  such  a 
yielding  under  tension  in  the  case  of  tubes  should  be  to  distribute 
the  strain  deeper  into  the  glass  wall  and  so  increase  the  bursting 
pressure.  In  the  present  case  the  pressure  was  not  applied  for  more 
than  a  few  minutes  so  that  this  effect  probably  had  not  time  to 
show  itself.  It  is  well  known  that  metals  increase  in  strength  when 
carried  slightly  beyond  the  elastic  limit.  These  observed  cases 
might  be  taken  to  indicate  that  glass  tubing  weakens  under  strain, 
an  effect  which  other  observers  also  suspect.  The  experiments  of 
Phillips  cited  above,  the  results  recorded  by  Hovestadt  ^  on  the  ten- 
sile strength  of  glass  bars,  and  the  behavior  of  metals  all  point  the 
other  way.  As  far  as  these  results  are  concerned  the  shock  may 
have  been  the  cause  of  weakening. 

The  character  of  the  break  as  indicated  by  the  fragments  show 
that  the  tubes  almost  invariably  split  longitudinally,  in  many  cases 
into  long  narrow  ribbons.  The  capillary  tubes  occasionally  simply 
split  into  two  pieces.  In  case  the  destruction  was  not  complete  in 
the  larger  tubes,  the  upper  end  seemed  more  liable  to  complete  de- 
struction probably  from  the  small  amount  of  compressed  air  there, 
as  no  care  was  taken  to  fill  the  tubes  completely  with  the  oil. 

A  set  involving  4  tests  each  of  tubes  of  i,  2,  3,  4,  5,  6,  7  mm. 
bore  each  with  i,  2,  3,  4  mm.  wall  was  carried  out  as  far  as  possible. 
The  results  of  the  tests  are  given  in  Table  I.  The  measurements 
of  the  tubes  were  made  by  cutting  them  from  the  long  sticks  and 
measuring  each  end  with  a  micrometer  microscope.  Obviously 
very  careful  measurements  were  not  required  and  only  tenth  milli- 
meters are  recorded.  The  tubes  varied  slightly  both  on  different 
diameters  and  at  different  ends,  and  in  view  of  the  variation  in  the 
breaking  pressure,  an  average  of  these  measurements  seemed  suffi- 
cient. In  the  table  the  bore  and  wall  are  each  given  in  millimeters, 
r  is  the  ratio  {rjr^  of  the  external  to  the  internal  radius,  P  is  the 
bursting  pressure  in  atmospheres,  and  T  the  circular  tension  in 
atmospheres  on  the  inner  surface  to  be  described  more  in  detail 
later.  The  list  is  divided  into  groups  of  roughly  the  same  bore  with 
increasing  wall.     Sets  of  roughly  the  same  bore  and  wall,  indicated 

'Hovestadt,  Jena  Glass,  Macmillan,  1902. 
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No. 

Bore. 

WaU. 

r 

P         ^     Av,P 

T 

Av.  r 

1 

LI 

L9 

2.15 

>6671 

1150 

2 
3 

LI 
LI 

L9 
L9 

2.15 
2.15 

607 
620 

' 

570 

1030 
1040 

990 

4 

LI 

L9 

2.15 

387. 

670 

5 

L4 

3.1 

5.43 

640^ 

832 

6 

L4 

3.1 

5.42 

>640  - 

555 

832 

722 

7 

L4 

3.1 

5.42 

387. 

503 

8 

L8 

LO 

2.17 

300 

518 

9 

L8 

LO 

2.17 

433 

750 

10 

L8 

LO 

2.17 

260 

311 

450 

670 

11 

L8 

LO 

2.17 

253. 

438 

12 

L9 

2.9 

4.05 

293 

400 

13 

L9 

2.9 

4.05 

487 

660 

575 

14 

L9 

2.9 

4.05 

>647 

423 

880 

15 

L9 

2.9 

4.05 

267 

363 

16 

2.0 

4.0 

5.00 

527 

695 

17 

2.0 

4.0 

5.00 

400 

453 

528 

528 

18 

2.0 

4.0 

5.00 

453 

600 

19 

2.0 

4.0 

5.00 

433. 

572 

20 

3.2 

0.9 

L57 

315] 

770 

21 

3.2 

0.9 

L57 

275  1 

254 

674 

620 

22 

3.2 

0.9 

L57 

195  r 

230j 

477 

23 

3.2 

0.9 

L57 

564 

24 

3.3 

L4 

L82 

333^ 

630 

25 

3.3 

L4 

L82 

313  I 

315 

594 

600 

26 

3.3 

L4 

L82 

300j 

570 

27 

2.8 

L7 

2.14 

2531 

490 

28 

2.8 

L7 

2.14 

447 

341 

778 

620 

29 

2.8 

L7 

2.14 

413 

" 

720 

30 

2.8 

L7 

2.14 

253J 

490 

31 

2.8 

3.2 

3.25 

4731 

676 

32 

2.8 

3.2 

3.25 

520^ 

431 

743 

615 

33 

2.8 

3.2 

3.25 

300J 

428 

34 

2.8 

3.4 

3.43 

5531 

780 

35 

2.8 

3.4 

3.43 

367  1 

475 

513 

665 

36 

2.8 

3.4 

3.43 

413  f 

580 

37 

2.8 

3.4 

3.43 

567j 

792 

38 

3.6 

LI 

L77 

2801 

630 

39 

3.6 

LI 

1.77 

200  t 

230 

450 

518 

40 

3.6 

LI 

1.77 

210J 

472 

41 

3.8 

3.0 

2.58 

4001 

630 

42 

3.8 

3.0 

2.58 

367 

576 

43 

3.8 

3.0 

2.58 

327 

512 

44 

3.9 

3.0 

2.54 

380 

- 

404 

596 

635 

45 

3.9 

3.0 

2.54 

>473 

740 

46 

4.0 

3.0 

2.54 

367 

575 

47 

4.0 

3.0 

2.54 

513  J 

804 
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No. 

Bore. 

Wall. 

r 

P 

Av,P 

r 

Av.  r 

48 

4.4 

4.0 

2.82 

295] 

442 

49 

4.4 

4.0 

2.82 

380  I 

401 

570 

601 

50 

4.4 

4.0 

2.82 

527  J 

790 

51 

5.5 

1.0 

1.36 

2471 

825 

52 
53 

5.5 
5.5 

1.0 
1.0 

1.36 
1.36 

230 
255 

- 

220 

770 
855 

738 

54 

5.5 

1.0 

1.36 

150 

520 

55 

5.0 

2.0 

1.80 

333^ 

727 

56 
57 

5.0 
5.0 

2.0 
2.0 

1.80 
1.80 

320 
380 

- 

327 

704 
837 

718 

58 

5.0 

2.0 

1.80 

277  J 

610 

59 

5.0 

4.0 

2.60 

3531 

555 

60 

5.0 

4.0 

2.60 

340^ 

369 

535 

580 

61 

5.0 

4.0 

2.60 

413J 

647 

62 

4.8 

4.0 

2.46 

200^ 

320 

63 

4.8 

4.0 

2.46 

245  1^ 

247 

392 

394 

64 

4.8 

4.0 

2.46 

295  J 

472 

65 

6.0 

0.9 

1.30 

135^ 

511 

66 
67 

6.0 
6.0 

0.9 
0.9 

1.30 
1.30 

180 
120 

. 

151 

683 
455 

572 

68 

6.0 

0.9 

1.30 

170 

544 

69 

70 

6.3 
6.3 

1.6 
1.6 

1.51 
1.51 

245  1 
225 

■ 

23S 

640 
587 

614 

71 

6.2 

3.6 

2.17 

290^ 

510 

72 

6.2 

3.6 

2.17 

>600 

1280 

73 

6.2 

3.6 

2.17 

280 

- 

350 

493 

616 

74 

6.2 

3.6 

2.17 

300 

528 

75 

6.2 

3.6 

2.17 

280j 

493 

76 
77 

6.2 
6.2 

4.0 
4.0 

2.28 
2.28 

295  1 
205  j 

250 

514 
356 

435 

78 

6.6 

1.2 

1.36 

190^ 

634 

79 
80 

6.6 
6.6 

1.2 
1.2 

1.36 
1.36 

170 
220 

. 

194 

567 
733 

646 

81 

6.6 

1.2 

1.36 

195 

650 

82 

6.5 

1.5 

1.46 

160  1 

' 

427 

83 

6.5 

1.5 

1.46 

270^ 

\ 

215 

720 

573 

84 

6.7 

3.2 

1.81 

212] 

382 

85 

6.7 

3.2 

1.81 

255  \ 

231 

460 

415 

86 

6.7 

3.2 

1.81 

lll\ 

408 

87 

7.0 

3.5 

2.00 

280 

512 

Average  619 
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by  the  brackets,  are  grouped  and  the  averages  of  P  and  T  given  in 
the  remaining  columns.  In  a  few  cases  the  tubes  were  not  broken 
and  this  is  indicated  in  the  table  by  the  sign  >  before  the  value  of  P. 

Table  II. 


Bore,  mm. 

Wall,  X  mm. 

Wall,  a  mm. 

WaU,  3  mm. 

Wall,  4  mm. 

1 

570 

555 

2 

311 

423 

453 

3 

280 

341 

456 

4 

230 

404 

401 

5 

220 

327 

305 

6 

151 

235 

321 

7 

194 

215 

231 

280 

The  numbers  recorded  are  the  "  Av.  /"*  from  Table  I. 

In  Table  II.  are  grouped  diagrammatically  the  values  of  Av.  P 
from  Table  I.  It  will  be  immediately  obvious  that  the  strength  is 
not  at  all  proportional  to  the  thickness  of  wall  but  that  added  thick- 
ness produces  less  and  less  proportional  effect  as  the  wall  grows 
thicker.  It  will  be  observed  also  that  the  bursting  pressure  is  not 
inversely  proportional  to  the  bore  but  that  the  strength  falls  off 
much  less  rapidly  than  would  be  expected.  This  is  to  be  referred 
to  the  more  regular  distribution  of  the  strain  in  the  wall  with  lessen- 
ing curvature.  In  Table  III.  are  the  numbers  of  Table  II.  multi- 
plied by  the  bore  in  millimeters  and  divided  by  the  wall  in  millimeters 
and  the  regular  variation  of  the  numbers  both  horizontally  and 
vertically  emphasizes  the  variation  from  this  simple  relation. 

Table  III. 


Bore,  mm. 

Wall,  X  mm. 

WaU,amm. 

Wall,  3  mm. 

Wall,  4  mm. 

1 

285 

185 

2 

622 

282 

226 

3 

840 

512 

456 

4 

920 

539 

401 

5 

1,100 

817 

381 

6 

906 

705 

481 

7 

1,358 

752 

539 

490 

The  numbers  recorded  are  the  "  Av.  /"'of  Table  I.  multiplied  by  the  bore  in  mm. 
and  divided  by  the  wall  in  mm. 

Formulae  for  the  strength  of  thick-walled  tubing  have  been  worked 
out  in  connection  with  problems  in  the  design  of  cannon.     The  most 
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complete  of  these  are  probably  Clavarino's.  His  formula  for  the 
distribution  of  circular  tension  in  the  wall  of  a  long  tube,  whose  ends 
also  support  the  pressure,  is 

where  r,  is  the  external  and  r^  the  internal  radius,  /^  is  the  internal 
and  /,  the  external  pressure,  x  is  the  distance  of  the  point  being 
considered  from  the  axis  of  the  tube,  and  e  is  the  coefficient  of  lateral 
contraction  which  is  here  0.260  or  one  fourth.  In  all  the  cases 
considered  in  this  paper  p^  is  not  greater  than  one  per  cent,  of  /j, 
and  may  be  neglected.  For  the  tension  on  the  inner  surface  put 
JT  as  r^  and  the  expression  reduces  to 


where  rjr^  =  r. 

For  tension  on  the  outer  surface  put  x  ■■ 


r,  and 


r        ^-75    . 


M- 


(2) 


(3) 


In  the  deduction  of  these  formulae  it  has  been  assumed  that 
strain  is  always  proportional  to  stress,  which  only  holds  within  the 
elastic  limit.  It  is  an  open  question  whether  glass  will  be  per- 
manently deformed  in  a  short  time  by  strains  insufficient  to  cause 
fracture.  For  this  reason  and  for  want  of  any  knowledge  of  stress 
and  strain  beyond  the  elastic  limit  equation  (2)  above  has  been  ap- 
plied to  the  calculation  of  the  circular  tension  in  the  inner  surface 
of  the  tube  at  the  bursting  pressure.  The  results  are  listed  in  the 
column  7" in  Table  1.     Table  IV.  is  similar  in  form  to*  Tables  II. 

Table  IV. 


Bore,  mm. 

Wall,  X  mm. 

Wall,  a  mm. 

Wall,  3  mm. 

Wall,  4  mm. 

1 

990 

722 

2 

670 

575 

528 

3 

620 

620 

615 

4 

518 

635 

601 

5 

738 

718 

580 

6 

572 

614 

616 

7 

646 

573 

415 

512 

The  numbers  recorded  are  the  *•  At.  7"'  from  Table  I. 
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and  III.  and  the  numbers  are  those  under  Av.  Tirom  Table  I.,  and 
they  show  no  systematic  variation  with  the  variation  of  either  bore 
or  wall.  In  view  of  the  variation  of  the  readings  for  different  tubes 
from  the  same  stick,  the  values  of  T  may  be  considered  constant 
within  the  limits  of  individual  observations  and  the  rupturing  surface 
tension  set  at  the  general  average  619.  It  may  also  be  concluded 
that  this  formula  is  satisfactory  for  calculation  of  bursting  strength 
from  this  value  of  T' within  the  limits  of  the  above  experiments. 

The  numbers  given  in  the  column  headed  T'in  Table  I.  are  ten- 
sion expressed  in  atmospheres.  In  the  more  usual  units  the  general 
average  619  gives  6.39  kg./mm.*  as  the  rupturing  surface  tension. 
The  tables  in  Bradley  and  Browne's  article  cited  above  have  been 
recalculated  by  this  formula  and  the  average  value  of  T  for  each 
table  is  given  in  Table  V.  ^  Hovestadt  gives  the  results  of  Winkle- 

Table  V. 


Table. 

Av.  T, 
Bqn.  a. 

Av.  r. 

KK./inin.< 

Table. 

Av.  T. 
Bqn.  a. 

674 
714 
487 

Av.  r. 

Kf./mm.s 

A 
B 
C 

358 
632 
582 

3.70 
6.53 
6.02 

D 
E 
F 

6.97 
7.38 
5.03 

mann  and  Schott's  tests  on  the  tensile  strengfth  of  diflferent  Jena 
glasses  and  their  values,  while  very  concordant  for  each  glass,  run 
from  2.8  to  9.2  kg./mm.^  Kowalski  ^  gets  results  from  8.5  to  8.9 
kg./mm.^forthe  particular  glass  he  used.  The  agreement  between 
these  two  ways  of  determining  the  tensile  strength  is  precisely  such 
as  the  variation  in  composition  would  lead  one  to  expect.  In  view 
of  this  agreement  there  is  sufficient  justification  for  pointing  out 
some  of  the  obvious  results  of  the  above  formula. 

As  an  aid  in  the  calculation  of  7*,  the  values  of  tp  and  r  were 
plotted  and  form  the  upper  curve  in  Table  VI.  In  order  to  make 
the  curve  useful  for  small  values  of  (r—  i)  the  nearly  vertical  part 
of  the  curve  has  been  plotted  again  with  the  scale  of  r  multiplied  by 
10,  and  forms  the  curve  on  the  right.  The  general  curve  approaches 
a  rectangular  hyperbola  with  asymptotes  (r  —  i)  and  (f  —  i). 

The  deductions  which  can  be  made  from  the  form  of  this  curve 
will  be  made  more  evident  by  the  lower  curve  which  is  the  plot  of 

1  Wied.  Ann.,  36,  306,  1889. 
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Curve  ^. 

Curve  ^. 

r 

♦ 

r 

* 

1.1 

9.6 

1.1 

8.33 

1.12 

8.13 

1.11 

7.53 

1.15 

6.72 

1.12 

6.88 

1.2 

5.23 

1.15 

5.43 

1.3 

3.79 

1.2 

4.0 

1.4 

3.07 

1.3 

2.54 

1.5 

2.66 

1.4 

1.82 

1.6 

2.37 

1.5 

1.40 

1.8 

2.03 

1.6 

1.12 

2.0 

1.83 

1.7 

0.926 

2.2 

1.70 

2.0 

0.583 

2.5 

1.59 

2.5 

0.333 

3.0 

1.47 

3.0 

0.219 

3.5 

1.40 

4.0 

0.117 

4.0 

1.37 

5.0 

0.070 

5.0 

1.32 

6.0 

0.050 

6.0 

1.30 

7.0 

0.0365 

7.0 

1.28 

8.0 

0.0278 

8.0 

1.28 

9.0 

0.0219 

9.0 

1.27 

r  and  ^  where  ^  is  the  factor  for  the  tension  in  the  outer  surface. 
The  curve  is  again  approximatly  a  rectangular  hyperbola  but  with 
the  asymptotes  (^  —  i)  and  r.  Also  it  approaches  the  axis  of  r 
much  more  rapidly  than  does  the  tp  curve. 

For  values  of  r  greater  than  about  4,  ip  becomes  practically  a 
constant  and 

r=i.3/> 

or  the  bursting  pressure  is  independent  of  r,  that  is,  independent  of 
both  internal  and  external  radii.  This  is  confirmed  by  the  value  of 
^  at  r  =  4,  which  is  about  1 5  per  cent,  of  ip,  so  that  the  outer  layers 
of  the  wall  with  increasing  values  of  r  carry  practically  no  tension. 
This  had  been  previously  observed  experimentally  in  the  behavior 
of  capillary  tubes  whose  walls  were  two  to  three  mm.  and  whose 
bore  varied  from  one  mm.  to  markedly  less.  The  rupture  occurred 
as  often  in  the  fine  part  as  in  the  larger  part.  It  will  be  obvious 
that  there  is  no  gain  in  reducing  the  bore  of  an  ordinary  capillary 
tube  below  i  mm. 
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When  r  becomes  nearly  unity,  variations  in  r  will  produce  varia- 
tions in  ip  almost  entirely  in  the  factor  (r—  i).     So  that  here 

w 

where  w^r^^ r^,  which  is  the  simple  formula  usually  employed 
for  thin-walled  tubes.  The  values  of  r  for  which  this  formula  is 
suitable  are  important.  For  this  simple  expression  to  hold  the  ten- 
sion must  be  practically  uniformly  distributed  through  the  wall. 
Reference  to  the  two  curves,  Table  VI.,  will  show  that  even  in  the 
case  of  r  =s  i .  i  the  tensions  differ  by  1 5  per  cent.  This  is  such  a 
case  as  a  wall  of  i  mm.  and  a  bore  of  1 8  mm.  and  has  a  thinner 


Fig.  1. 

wall  for  its  bore  than  almost  any  tube  in  practice.  In  fact  none  of 
the  ordinarily  used  tubes  can  be  treated  as  even  very  approximately 
**  thin-walled."  Simply  to  illustrate  this  point  the  necessary  parts 
of  Bradley  and  Browne's  Table  A  has  been  reproduced  in  Table  VII. 
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The  values  of  the  breaking  surface  tension  calculated  from  the  data 
for  r  and  P  are  given  under  T.  Using  these  values  of  T'  as  the 
limiting  tension  on  the  surface,  the  pressure  P'  required  to  produce 


Fig.  2. 
Table  VII. 


No. 

r 

T 

P.B\W 

\ 

P*  for  r  =  3. 

1 

1.19 

270 

514 

185 

2 

1.38 

415 

712 

285 

3 

1.24 

304 

570 

208 

4 

1.29 

373 

670 

256 

5 

1.34 

293 

509 

201 

6 

1.45 

496 

785 

339 

this  tension  when  ^  =  3,  that  is,  for  bore  equal  to  wall,  has  been  cal- 
culated and  is  given  under  P' .  This  will  correspond  with  their 
calculated  "  norms  "  (PWjE),     While  they  use  their  "  norm  '*  only 
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for  comparison  they  state  that  it  represents  the  bursting  pressure  of 
a  tube  where  WIB  =  i.  Their  numbers  are  from  2.3  to  3.0  times 
greater  than  P' .  Even  for  purposes  of  comparison  the  norm  is  not 
entirely  satisfactory,  a  careful  review  of  their  data  showing  that 
when  W\B  increases  the  norm  falls  off.  Except  that  they  worked 
over  such  a  narrow  range  of  bore  and  wall  this  could  not  have 
escaped  notice. 

It  will  hardly  need  pointing  out  that  this  formula  is  of  value 
largely  for  the  purpose  of  calculating  the  required  thickness  of  wall 
for  a  given  bore  and  tensile  strengfth  to  carry  a  given  pressure.  A 
factor  of  safety  of  at  least  2  should  be  allowed  even  in  the  case  of 
well-annealed  tubes.  For  these  calculations  the  curve  if  will  be 
found  very  serviceable.  As  pointed  out  by  Bradley  and  Browne 
the  wall  thickness  required  is  much  less  than  ordinarily  employed 
and  it  can  be  further  pointed  out  that  the  extra  wall  thickness  does 
not  add  nearly  the  strength  usually  expected. 

The  principal  results  of  this  paper  are  : 

1.  The  testing  of  an  excellent  glass-metal  joint. 

2.  The  necessity  for  annealing  commercial  heavy- walled  tubing 
to  get  the  highest  bursting  strength. 

3.  The  experimental  proof  of  a  formula  for  calculation  of  the 
tension  on  the  inner  surface  at  the  bursting  pressure,  and  the  agree- 
ment of  this  with  tensile  strength. 

4.  For  tubing  where  the  wall  thickness  is  greater  than  the  bore, 
the  bursting  strength  is  practically  independent  of  both  bore  and 
wall,  and  is  approximately  1.3  times  the  tensile  strength  of  the  glass. 

5.  That  no  glass  tubing  in  practical  use  should  be  treated  as 
*'  thin-walled." 

6.  The  use  of  the  formula  for  calculating  the  required  wall  for  a 

given  tensile  strength,  bore  and  pressure. 

Physical  Laboratory, 

University  of  Wisconsin, 
November  10,  1908. 
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THE  TEMPERATURE  \  COEFFICIENTS   OF  THE  MOV- 
ING   COIL   GALVANOMETER. 

By  Anthony  Zeleny  and  O.  Hovda. 

THE  increasing  use  of  the  moving  coil  galvanometer  for  deflec- 
tion work  of  precision  renders  a  knowledge  of  its  temperature 
coefficients  desirable.  The  coefficients,  however,  differ  greatly  in 
different  instruments  so  that  no  values  can  be  determined  which  are 
applicable  in  general  with  any  high  degree  of  accuracy,  but  their 
nature  and  order  of  magnitude  can  be  learned  from  the  values  that 
have  been  obtained  for  one  type  of  the  instrument. 

As  no  similar  determinations  appear  to  have  been  published,  the 
method  employed  in  obtaining  the  values  of  the  coefficients  is  de- 
scribed and  the  deductions  are  given  at  some  length.  This  is  done 
to  show  also  some  peculiarities  of  the  instrument,  which  may  not 
be  generally  known. 

All  observations  were  made  on  two  galvanometers^  having 
chilled  cast-iron  magnets. 

§  I.  The  Temperature  Coefficient  for  Current 
Measurements. 
The  diagram  of  the  apparatus  employed  for  determining  the  tem- 
perature coefficient  for  current  measurements  is  shown  in  Fig.  i. 
The  galvanometer  G  was  inclosed  in  a  double  walled  jacket  y,  hav- 
ing a  small  window  Wiox  the  taking  of  observations.  The  con- 
stancy of  the  temperature  of  the  water  circulating  between  the 
walls  of  the  jacket  was  maintained  automatically.  The  air  sur- 
rounding the  galvanometer  was  kept  in  motion  by  two  fans  operated 
by  a  small  motor,  and  the  temperature  of  the  galvanometer  was 
determined  by  means  of  a  mercury  thermometer.  To  insure  that 
variations  in  the  results  were  not  due  to  manipulation  in  obtaining 
a  constant   current,  two  independent  circuit  arrangements  were 

» Leeds  and  Northrop  Co.,  «•  P  Type." 
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employed  as  shown  in  the  diagrams  A  and  B  of  Fig.  i.  These  were 
connected  to  the  galvanometer,  in  succession,  by  means  of  the  com- 
mutator Ky  The  current  flowing  through  the  galvanometer  was 
maintained  constant  during  each  set  of  readings  for  all  the  observa- 
tions taken  at  the  various  temperatures.  When  the  circuit  B  was 
employed,  the  resistance  R^  was  500,cxx)  ohms  when  the  upper 
suspension  was  of  phosphor  bronze  and  300,000  ohms  when  it  was 
of  steel.     This  high  resistance  rendered  negligible  the  change  in 


PofentiometBr 


Fig.  1. 

resistance  of  the  galvanometer.  When  the  circuit  A  was  employed, 
the  constancy  of  the  main  current  was  maintained  by  means  of  the 
resistance  R^  and  the  secondary  circuit  containing  the  cadmium  cell 
5,  while  the  resistance  of  the  galvanometer  branch  was  maintained 
constant  by  altering  the  resistance  in  the  box  R^  to  correspond  to 
the  known  change  in  the  resistance  of  the  galvanometer. 

The  same  galvanometer  coil  and  lower  phosphor-bronze  spiral 
were  employed  in  all  determinations,  while  the  upper  suspension  was 
either  of  phosphor  bronze  or  of  steel. 
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In  the  preliminary  determinations  it  was  found  that  between  o^ 
and  60®  C.  the  results  obtained  for  the  temperature  coefficient  were, 
to  the  limit  of  accuracy  attained,  independent  of  the  temperatures 
employed. 

The  effect  of  thermo-electric  currents  was  eliminated  by  taking 
the  null  readings  while  the  keys  K^  or  K^  were  turned  so  as  to  cut 
out  the  battery  and  leave  the  galvanometer  circuit  closed. 

The  observations  and  results  obtained,  when  using  a  3  mil  phos- 
phor-bronze suspension  13  centimeters  in  length,  are  given  in  Tables 
I.  and  II.  The  observations  were  taken  on  a  circular  scale  at  a 
distance  of  50  centimeters. 

Table  I. 

Galvanometer  No,  &;88,     Phosphor- Bronue  Suspension, 


Temperatures. 

Circuit. 

Deflections  at 

Difference. 

Temperature 

f 

t" 

f 

/" 

Deflections. 

s!i 

54!7 

A 

21.748 

21.909 

+  0.161 

+  0.00015 

5.2 

54.7 

B 

18.539 

18.634 

0.095 

.00010 

54.7 

5.2 

A 

21.894 

21.748 

0.146 

.00014 

54.7 

5.1 

B 

18.631 

18.532 

0.099 

.00010 

4.9 

54.4 

A 

18.454 

18.590 

0.136 

.00015 

5.0 

54.4 

B 

18.420 

18.545 

0.125 

.00014 

54.4 

5.0 

A 

18.593 

18.472 

0.121 

.00013 

55.4 

5.0 

B 

18.560 

18.430 

0.130 

.00014 
+  0.00013 

Table  II. 

Galvanometer  No,  tysy,     Phosphor- Bronu  Suspension, 


Temperatures. 

Circuit. 

Deflections  at 

Difference. 

Temperature 

f 

/" 

f 

f 

Deflections. 

sis 

5!o 

A 

17.850 

17.680 

+  0.170 

+  0.00019 

56.4 

5.0 

B 

17.959 

17.743 

0.216 

.00024 

34.7 

14.8 

A 

17.791 

17.717 

0.074 

.00021 

34.7 

14.8 

B 

17.842 

17.749 

0.093 

.00026 

18.8 

44.2 

A 

17.738 

17.853 

0.115 

.00026 

18.8 

44.2 

B 

17.745 

17.855 

0.110 

.00025 

44.3 

20.6 

A 

17.861 

17.775 

0.086 

.00020 

44.2 

20.5 

B 

17.867 

17.781 

0.086 

.00020 
+  0.00023 
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The  average  of  the  above  two  values  is  assumed  to  be  the  approx- 
imate temperature  coefficient  for  this  type  of  galvanometer  when 
its  upper  suspension  is  a  3  mil  phosphor  bronze  strip.  The  expres- 
sion for  the  relation  of  the  deflections  for  equal  currents  at  different 
temperatures  then  may  be  written 


d' 


^^  [i  +  0.00018  (/—  20)]. 


(I) 


In  Table  III.  are  given  the  observations  and  results  obtained  for 
galvanometer  No.  6788  when  the  upper  suspension  was  a  steel 
strip.  The  figure  of  merit  at  20°  was  now  5.48  x  io~^  in  place  of 
2.26  X  io~^  for  the  phosphor-bronze  strip. 

Table  III. 

Gahfanomtter  No,  6j88»     Steel  Suspension, 


Temperatures. 

Circuit. 

Deflections  at 

Difference. 

Temperature 

CA«ffi<>lAn«  for 

/' 

/" 

f 

f* 

Deflections. 

2?? 

53!7 

A 

12.702 

12.706 

+0.004 

+0.00001 

2.5 

53.9 

B 

12.695 

12.692 

-0.003 

-0.00001 

53.7 

3.5 

A 

12.672 

12.671 

+0.001 

.00000 

53.9 

3.6 

B 

12.679 

12.677 

+0.002 

.00000 

0.00000 

This  shows  that  the  temperature  coefficient  for  this  galvanometer 
with  a  steel  suspension  is  practically  negligible.  See  also  calculated 
value  of  the  coefficient  for  galvanometer  No.  6737,  in  Table  VIII, 
which  makes  the  average  value  for  the  two  galvanometers  -|-  0.00005. 

Sources  of  Error. 

The  large  variation  in  the  individual  results  obtained  when  using 
the  phosphor-bronze  suspension  are  due  to  several  causes  : 

1.  Zero  Shift,  —  On  changing  the  temperature,  the  null  reading 
changed  by  an  amount  varying  from  two  to  ten  millimeters.  This 
introduced  an  error  of  unknown  magnitude  due  to  the  change  of 
position  of  the  coil  within  the  field  and  to  the  eccentricity  of  the 
scale.    Precautions  were  taken  to  minimize  this  error  as  far  as  possible. 

2.  The  assumption,  based  on  the  preliminary  experiments,  that 
the  coefficient  is  the  same  at  all  temperatures  is  not  strictly  correct. 
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This  is  inferred  from  the  variation  of  the  temperature  coefficient  of 
the  magnetic  field,  shown  in  Table  VI. 

3.  Magnetic  Hysteresis  ^  Due  to  Magnetic  Impurities  in  the  Coil,  — 
Errors  due  to  this  were  eliminated  as  far  as  possible  by  short-cir- 
cuiting the  galvanometer  on  the  return  of  the  coil  to  the  null  read- 
ing so  as  to  render  it  aperiodic ;  also,  while  deflecting,  the  coil  was 
damped  by  means  of  rapid  tapping  of  the  short-circuiting  key  so 
that  it  did  not  move  beyond  the  point  of  the  permanent  deflection. 
See  also  §  5. 

4.  Molecular  changes'  within  the  suspension  fiber  may  have 
changed  the  torsional  moment  with  time. 

5.  The  lag  in  the  field  strength  of  the  magnet  was  eliminated  by 
keeping  the  galvanometer  at  a  constant  temperature  for  about  three 
hours  before  the  observations  were  taken. 

§  2.  Temperature  Coefficient    for   Potential  Measurements. 

The  temperature  coefficient  for  potential  measurements  is  deter- 
mined from  the  deflection  coefficient  for  current  measurements  and 
the  resistance  coefficient  of  the  galvanometer  circuit.  The  latter 
must  be  known  for  each  particular  case,  for  the  galvanometer  resist- 
ance is  only  a  fraction  of  the  total. 

To  enable  the  calculation  of  the  resistance  coefficient  of  galvanom- 
eters to  be  made,  the  coefficients  of  the  suspension  fibers,  spirals, 
and  the  coil,  were  determined  separately. 

The  following  resistance  equations  were  obtained : 

For  phosphor-bronze  spirals  or  suspensions, 

^1  =  ^»  [i  +  0.00063 (/-  20)].  (2) 

For  steel  suspensions,  R^^  R^\\  +  0.003  56  (/  —  20)  ] .  (3) 

For  the  galvanometer  coil,    R^^  R^\\  +  0.00394  (/  —  20)  ].  (4) 

In  the  galvanometer  employed,  the  resistence  of  the  upper 
phosphor-bronze  suspension  was  3.34  ohms  at  20°  C,  and  of  the 
spiral,  17.25  ohms;  that  of  the  steel  suspension  was  5.71  ohms, 
and  of  the  galvanometer  coil,  96  ohms. 

»  a.  Zcleny,  Phys.  Rev.,  Vol.  23,  p.  400,  1906. 

'  K.  E.  Guthe,  Bulletin  of  the  Bureau  of  Standards,  Vol.  2,  p.  53,  1906. 
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Representing  the  resistance  coefficient  of  the  whole  circuit  by  -ff, 
the  deflections  for  equal  differences  of  potential  for  the  above 
galvanometer  are  derived  from  the  following  equations : 

With  phosphor-bronze  suspension, 

<  =  ^io[i  +  (0.00018-  iS)  (/-  20)].     (5) 
With  steel  suspension,  d^r^d^\\  +  (0.00005  --  E){t--  20)] .     (6) 

§  3.  Temperature  Coefficient  for  Ballistic  Measurements. 
The  temperature  coefficient  for  ballistic  throws  was  obtained  by 
discharging  through  the  galvanometer,  at  different  temperatures, 
equal  quantities  of  electricity  from  a  mica  condenser  charged  by 
means  of  cadmium  cells.     The  observations  and  results  are  given  in 

Table  IV. 

Table  IV. 


Qalva- 

8n«p«iision. 

Tempermtures. 

Throws  mt; 

Coefficient  for 

nometer. 

f 

/" 

f 

/" 

Ballistic  Throws. 

No.  6788 

Phosphor- 
bronze. 

Steel. 

Phosphor- 
bronze. 

54?0 
54.2 

2.6 
53.8 

4!0 
5.3 

53.8 
4.9 

18.491 
18.082 

12.310 
12.179 

18.708 
18.254 

12.179 
12.322 

-0.00023 
-0.00019 

No.  6788 

-0.00021 

-0.00021 
-0.00024 

No.  6737 

-0.00022 
-0.00012  > 

The  value  of  the  coefficient  in  the  cases  given  is  practically  inde- 
pendent of  the  kind  of  suspension,  but  varies  with  the  galvanometer 
employed.  See  also  Table  IX.  The  approximate  temperature 
coefficients  for  ballistic  measurements  for  this  type  of  galvanometer 
having  either  a  phosphor-bronze  or  a  steel  suspension,  is  assumed 
to  be  the  average  of  the  above  values,  and  the  relation  of  the  ballistic 
throws  for  equal  quantities  at  different  temperatures  is  expressed  by 


d^  =s  d^\  —  o.oooi7(/  —  20)]. 


(7) 


§  4.    Calculation  of  the  Temperature  Coefficients  from  the 
Coefficients  of  the  Various  Parts  of  the  Galvanometer. 
The  temperature  coefficients  of  a  moving  coil  galvanometer  are 

due  to  the  variation  of  several  quantities  with  temperature.     The 
'  The  average  of  six  independent  sets  of  observations. 
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temperature  coefficients  of  these  quantities  may  be  determined 
separately,  and,  from  the  relation  of  the  temperature  coefficients  of 
the  galvanometer  to  these  coefficients,  the  former  may  be  calculated 
from  the  latter.  A  comparison  of  the  values  obtained  directly  by 
experiment  with  those  thus  calculated  gives  an  index  to  their  reli- 
ability and  shows  the  magnitude  of  the  effect  produced  by  the 
various  causes  which  combined  to  produce  errors  in  the  observed 
results. 

It  was  necessary  to  determine  the  temperature  coefficients  for  the 
strength  of  the  magnetic  field  and  for  the  period  of  vibration  of  the 
coil  system.  The  values  of  the  expansion  coefficients  of  the  copper 
in  the  coil  and  of  the  iron  in  the  magnet  were  taken  from  tables. 

{a)  The  Temperature  Coefficient  for  the  Strength  of  the  Magnetic 
Field,  —  To  determine  the  variation  in  the  strengfth  of  the  magnetic 
field  with  the  temperature,  the  coil  was  removed  from  the  galva- 
nometer, and  the  magnet  and  iron  core  were  set  forward  from  the 
wooden  supporting  frame  a  distance  of  about  one  centimeter.  Two 
rectangular  coils,  each  consisting  of  45  turns  of  silk-covered  man- 
ganin  wire,  were  made  to  slide  one  on  each  side  of  the  iron  core, 
and  were  of  such  size  and  so  placed  that  when  withdrawn  each  loop 
cut  all  the  lines  of  force  once.  These  coils  were  connected  in  series 
with  a  ballistic  galvanometer  through  the  secondary  of  a  standard 
mutual  inductance  coil,^  and  the  number  of  lines  in  the  field,  at 
different  temperatures,  was  determined  by  comparison  with  this 
standard  whose  coeffident  of  mutual  induction  was  0.017653  henry. 
The  current  in  the  primary  of  the  standard  coil  was  measured  by 

Table  V. 


Current  in  Pri- 

Throw  from 
Standard  Coil. 

Throw  Due  to 

Temperature  of 

Number  of  Lines 

mmry  of  Standard 
Coil. 

Cutting  Field 
of  Magnet. 

Magnet. 
Degrees. 

of  Force  in  the 
Field. 

0.16669 

18.784 

19.642 

2.9 

3419.2 

0.16702 

18.837 

19.575 

14.8 

3404.8 

0.16655 

18.782 

19.524 

20.9 

3396.2 

0.16652 

18.768 

19.350 

38.8 

3367.7 

0.16590 

18.672 

19.130 

60.6 

3334.2 

>  A.  Zeleny,  Phys.  Rkv.,  Vol.  23,  p.  411,  1906;  E.  B.  Rosa,  Phys.  Rev.,  Vol.  24 
p.  241.  1907. 
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means  of  a  potentiometer  and  standard  resistance.  The  observations 
and  results  for  the  magnet  of  galvanometer  No.  6788  are  given  in 
Table  V. 

These  results  are  plotted  in  Fig.  2. 

The  average  temperature  coefficients  for  various  ranges,  as  de- 
termined from  the  curve,  are 
given  in  Table  VI.  The  tem- 
perature coefficients  for  the  field 
strength  were  obtained  from  the 
temperature  coefficients  for  the 
total  number  of  lines  and  the 
expansion  of  the  pole  faces  of 
the  magnet. 

The  temperature  coefficient  for 
the  field  strength  of  galvanom- 
eter No.  6737  between  15**  and 
30°  C.  was  found  to  be 
—  0.00035,  the  total  number  of 
lines  at  20°  C.  being  3,172. 
The  area  of  each  pole  face  was 
8  sq.  cm. 

{b)  Temperature  Coefficient  for 
the  Time  of  Vibration  of  the 
Coil, — The  temperature  coeffi- 
cient for  the  time  of  vibration  was  obtained  with  the  coil  both  out- 
side and  within  the  field  of  the  magnet.  The  results  are  given  in 
Table  VII. 


Temperatures. 
Fig.  2. 


Rmnge  of  Temperature. 

0<»  to  20*^  C. 
20*^  to  40° 
40''  to  60<» 

0°  to  W 
IS*'  to  30*» 


Table  VI. 

Temperature  Coefficient 
for  the  Number  of  Llnea. 

-0.00037 

-0.00046 

-0.00046 

-0.00043 

-0.00044 


Temperature  Coefficient 
for  the  Field  Strength. 

-0.00039 

-0.00048 

-0.00048 

-0.00045 

-0.00046 


The  difference  in  the  values  of  the  coefficient,  within  and  without 
the  field,  is  due  to  the  presence  of  magnetic  impurities  within  the 
coil. 
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Table  VII. 


Qalvmnometer. 

Coil  Outside  of 
Magnetic  Field. 

Coil  Within  the 
Magnetic  Field. 

No.  6788 
«< 

No.  6737 

Phos.  bronxe. 

Steel. 

Phos.  bronze. 

+0.00027 
+0.00021 

+0.00032 
+0.00023 
+0.00031 

(r)  Ccdculation  of  the  Coefficient  for  Current  Measurements .  — 
From  the  equation  for  the  time  of  vibration  of  the  coil 


2TZ 


J- 


T+M' 


(8) 


where  7*,  M,  /,  /,  /?,  are  respectively  the  torsional  moment,  mag- 
netic moment  due  to  impurities,  period  of  vibration,  moment  of  iner- 
tia, and  the  width  of  the  coil.  The  subscripts  represent  tempera- 
tures. 

Assuming  the  field  to  be  practically  uniform,  the  relation  between 
the  current  and  the  deflection  is  expressed  by 


■^^FLnDicos  0s{T+Af)0^  {T+  Af)  kd\ 


(9) 


where  F,  i,  d' ,  M* ,  represent  respectively,  the  strength  of  the  mag- 
netic field,  the  current,  the  deflection,  and  the  moment  due  to  the 
magnetic  impurities,  which  may  differ  somewhat  from  M,  The 
effective  length  L  of  the  coil  does  not  vary  with  the  expansion  of 
the  copper,  for  both  ends  of  the  coil  extend  beyond  the  field  of  the 
magnet,  but  does  vary  with  the  linear  expansion  of  the  iron  of  the 
magnet. 

From  equations  (8)  and  (9),  assuming  (r+  M)  s  (7'+  M'), 


F  t^  L  D* 


from  which 


d^^F,^2t,^L,-D„ 


(10) 


(") 
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where  d'^^  Fj^,  /^,  L^^,  D^,  are  the  temperature  coefficients  respectively 
for  the  deflections,  field  strength,  time  of  vibration,  linear  expansion 
of  cast  iron  and  that  of  copper. 

The  calculations  and  comparisons  are  made  in  Table  VIII. 

Table  VIII. 


Omlvm- 
nometer. 

Suspension. 

Fk 

a/» 

Lu-Du 

Calculated.       Observed. 

No.  6788 
No.  6737 

Phos.  bronze. 

Steel. 
<< 

-0.00045 
-0.00035 

-0.00045 
-0.00035 

+0.00064 
+0.00062 

+0.00046 
(+0.00046) 

-0.00001 
-0.00001 

-0.00001 
-0.00001 

+0.00018 
+0.00026 

+0.00013 
+0.00023 

No.  6788 
No.  6737 

+0.00022 

0.00000 
+0.00010 

+0.00018 
0.00000 

+0.00005 

(rf)  Calculation  of  the  Coefficient  for  Ballistic  Throws,  —  From 
the  equation  for  the  constant  for  ballistic  measurements,  K 
=  K'ty/pl27:,  the  relation  between  the  deflections  for  equal  quan- 
tities at  different  temperatures  is,  for  open  circuit  work  where  ^/p 
is  small,  expressed  by 


Al, 


^20^20 


K  "  Kit. 


(12) 


where  rf,  d\  and  /,  represent  ballistic  throws,  deflections  for  con- 
tinuous currents,  and  periods  of  Vibration,  at  the  temperatures  /° 
and  20°  C.     From  this 

d^^d'^-h>  (13) 

where  d^^  d^^,  and  /^,  represent  the  temperature  coefficients  respec- 
tively for  the  ballistic  throws,  deflections  for  continuous  currents, 
and  the  periods  of  vibration.  The  calculations  and  comparisons 
are  made  in  Table  IX. 

The  agreement  of  the  calculated  with  the  observed  values,  in 
Tables  VIII.  and  IX.,  is  as  close  as  can  be  expected  when  the  sources 
of  error  given  in  §i  and  §5  are  considered ;  in  addition  to  these 
sources  of  error  it  was  necessary,  in  §4  (c),  to  assume  the  magnetic 
moment  due  to  the  impurities  in  the  coil  to  be  the  same  whether  the 
coil  is  vibrating  or  is  deflected  and  at  rest. 
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Table  IX. 


Qttlvft. 
Booneter. 

Sutpenslon. 

d^ 

-tk 

Temp.  Coef.  for  Ballistic 
Throws. 

Calculated. 

Observed. 

No.  6788 
No.  6737 

Phos.  bronze. 
<<        <( 

Steel. 

+0.00013 
+0.00021 

0.00000 
+0.00010 

-0.00032 
-0.00031 

-0.00023 
-0.00023 

-0.00019 
-0.00010 

-0.00021 
-0.00012 

No.  6788 
No.  6737 

-0.0001s 

-0.00023 
-0.00013 

-0.00017 
-0.00022 

-0.00018 

§5.  Magnetic  Impurities  within  the  Coil. 

1.  The  galvanometer  coil,  on  open  circuit,  was  suspended  between 
the  poles  of  an  uncharged  electromagnet,  and  when  the  latter  was 
charged,  the  coil  turned  through  a  considerable  angle  toward  paral- 
lelism with  the  lines  of  force,  showing  the  presence  of  magnetic 
impurities. 

2.  A  galvanometer  coil,  on  open  circuit,  turns  on  its  axis  when 
the  magnetic  field  of  the  galvanometer  is  short-circuited.  This  also 
shows  the  presence  of  a  directive  moment  due  to  magnetic  impuri- 
ties in  the  coil.  When  the  field  is  weakened,  the  directive  moment 
of  the  impurities  is  lessened  and  the  coil  is  allowed  to  return  nearer 
to  the  position  it  would  occupy  if  there  were  no  impurities.  In 
twelve  galvanometers  in  which  the  fields  were  short-circuited,  the 
coils  turned  through  angles  represented  by  deflections  varying  from 
a  few  tenths  to  several  millimeters  on  the  scale.  In  one  case  only 
was  there  no  appreciable  deflection. 

3.  The  restoring  moment  in  a  vibrating  galvanometer  coil  is  pro- 
duced in  part  by  these  magnetic  impurities  within  the  coil.  The 
value  of  the  restoring  moment  due  to  the. impurities  as  compared 
with  the  torsional  moment  of  the  suspension  was  determined  from 
the  periods  of  vibration  of  the  system  when  in  the  magnetic  field 
and  when  outside  of  it.     The  ratio  of  MjT is  then  obtained  from 


2Tt 


J 


T+M\ 


where  T  and  M  represent  respectively  the  torsional  and  magnetic 
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moments  per  unit  angle  of  displacement.  The  magnetic  moment 
produced  by  the  earth's  magnetic  field  acting  on  the  magnetic 
impurities  was  considered  negligible.  The  observations  and  results 
are  given  in  Table  X. 

Table  X. 


Field. 

Period  of  Vibration. 

MilT 

Earth's  field. 

8.534^ 

(0.00) 

Gfldvanometer  magnet 

8.289 

0.07 

Strong  electromagnet 

6.03 

1.00 

The  results  show  how  large  a  part  the  magnetic  impurities  play 
in  the  directive  action  upon  the  coil  and  how  much  they  diminish 
the  sensitiveness  of  the  galvanometer. 

4.  The  deflection,  in  the  particular  galvanometer  employed, 
changed  about  one  tenth  of  a  millimeter  during  the  first  minute 
after  the  coil  came  to  rest  immediately  following  a  previous  deflec- 
tion in  the  same  direction.  On  account  of  the  large  influence  of  the 
magnetic  impurities,  this  may  be  ascribed  to  the  lag  in  the  change 
of  direction  and  strength  of  the  magnetism  in  the  magnetic  impuri- 
ties rather  than  to  a  change  in  the  torsional  moment  or  the  fatigue 
of  the  suspension. 

The  above  considerations  help  to  explain  the  irregularities  in  the 
results  obtained  for  the  temperature  coefficients.  The  hysteresis 
of  the  magnetic  impurities  and  the  eflect  of  temperature  upon  them 
must  produce  disturbing  effects. 

§  6.    Summary  and  Discussion. 

The  moving  coil  galvanometer  has  three  temperature  coefficients, 
one  each  for  current,  potential,  and  ballistic  measurements.  On 
account  of  magnetic  hysteresis  and  other  disturbing  causes,  it  was 
found  impossible  to  determine  the  values  of  these  coefficients  for  an 
individual  instrument  with  as  high  a  degree  of  precision  as  it  is  pos- 
sible to  read  deflections  or  throws.  The  values  of  the  coefficients 
for  difTerent  galvanometers  of  the  same  construction  and  materials, 
are  found  to  differ  considerably,  so  that  only  approximate  values 
can  be  given  for  any  type  of  the  instrument. 

The  averages  of  the  sets  of  values  obtained  for  the  two  galva- 
nometers are  taken  as  the  approximate  temperature  coefficients  for  all 
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moving  coil  galvanometers  having  chilled  cast-iron  magnets.  These 
values  are  summarized  in  Table  XL,  where  B^  as  before,  represents 
the  temperature  coefficient  for  the  resistance  of  a  particular  circuit. 

Table  XL 

Kind  of  Meftturement  Suspension.  Tempermture  Coefficient. 

Current  Phos.  bronze  (3  mil).  +0.00018 

Steel.  +0.00005 

Potential.  Phos.  bronze  (3  mil).  +0.00018-^ 

Steel.  +0.00005-^ 

Ballistic  Phos.  bronze  (3  mil).  --0.00017 

Steel.  -0.00017 

These  values  are  very  nearly  correct  for  galvanometers  whose 
magnets  have  a  field  intensity  of  425  units  and  a  temperature  coeffi- 
cient of  —  0.00040,  and  in  which  MjT^  0.07  approximately. 

The  influence  of  a  variation  in  the  value  of  M/T  upon  the  tem- 
perature coefficient  of  the  galvanometer  can  be  estimated  from  the 
difference  in  the  temperature  coefficients  for  the  time  of  vibration 
within  and  without  the  field,  given  in  Table  VIL  The  value  of  the 
temperature  coefficient  for  the  time  of  vibration  with  the  3  mil 
phosphor-bronze  fiber  is  0.00005  larger  within  than  outside  the  field. 
If  there  were  no  magnetic  impurities  in  the  coil,  or,  more  correctly, 
if  the  amount  of  the  magnetic  impurities  present  was  just  sufficient 
to  neutralize  the  effect  due  to  the  diamagnetic  properties  of  the 
copper,  the  temperature  coefficient  for  the  time  of  vibration  in  the 
field  of  the  magnet  would  be  the  same  as  that  determined  without 
the  field.  In  such  a  case,  as  is  seen  from  equation  (11)  and  in  Table 
VIII.,  the  temperature  coefficient  for  current  measurements  would 
be  obtained  by  subtracting  0.000 10  from  the  value  given  in  Table 
XL,  and  the  temperature  coefficient  for  ballistic  throws  by  adding 
—  0.00005  to  the  corresponding  value. 

With  a  1.5  mil  phosphor-bronze  suspension,  M/H  was  found  to 
have  a  value  of  0.9  and  the  temperature  coefficient  for  the  time  of 
vibration  a  value  of  -|-  0.00039  i"  ^^e  field  of  the  galvanometer 
magnet  The  latter  value  gives  for  the  temperature  coefficient  of 
the  galvanometer  for  current  measurements  a  value  of  -|-  0.00032 
and  for  ballistic  throws  a  value  of  —  0.00007. 

It  is  inferred  from  the  values  of  the  temperature  coefficients  for  the 
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total  number  of  lines  obtained  by  B.  O.  Peirce  ^  for  several  chilled 
cast-iron  magnets,  that  the  temperature  coefficient  for  the  field 
strength  of  any  particular  magnet  of  this  type  is  not  liable  to  exceed 
much  the  limits  of  the  two  here  used. 

The  temperature  coefficients  of  a  galvanometer  with  a  magnet 
other  than  chilled  cast  iron  can  be  calculated  from  the  known  tem- 
perature coefficient  of  its  field  strength  by  the  aid  of  equations  (11) 
and  (13)  and  the  values  given  in  Table  XI.  If  F^  be  the  value  of 
the  temperature  coefficient  of  the  field  strength  of  any  galvanometer 
magnet  and  K  represents  any  one  of  the  temperature  coefficients  of 
the  galvanometer  with  a  chilled  cast-iron  magnet,  the  value  of  the 
corresponding  temperature  coefficient  for  a  galvanometer  with  the 
former  magnet  is  represented  by 

K'^K+  (F;  +  O.CXX540),  (14) 

where  the  proper  algebraic  signs  for  K  and  F^l  must  be  used.    The 

temperature  coefficients  of  the  field  strengths  for  magnets  made  of 

various  materials  can  be  computed  from  the  temperature  coefficients 

for  the   total  number  of  lines,   determined  for  such  magnets  by 

B.  O.  Peirce  in  the  paper  cited  above. 

Physical  Laboratory, 

University  of  Minnesota, 
Nov.  27,  1908. 

1  Proceedings  of  Am.  Acad,  of  Arts  and  Sciences,  Vol.  38,  p.  551,  1903;  Vol.  40, 
p.  701,  1905. 
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THE   ABSORPTION   AND    REFLECTION    OF    CALCITE 

AND  ARAGONITE  FOR  INFRA-RED  RAYS  AS 

DEPENDENT  UPON   THE   PLANE   OF 

POLARIZATION.^ 

By  R.  E.  Nyswander. 

THE  Structure  and  vibration  periods  of  molecular  aggregations 
would  naturally  first  be  sought  in  compounds  of  simplest 
composition.  Certain  groups  of  atoms  having  particular  free 
periods  by  themselves  may  lose  these  periods  when  related  in  a 
complicated  manner.  Previous  investigations  in  the  infra-red  of 
absorption  and  reflection  spectra  have  shown  that  each  of  the 
simple  compounds  of  the  same  add  radical,  viz.,  nitrates,  sulphates 
and  carbonates  have  characteristic  bands  in  the  same  regions  of  the 
spectrum.  The  carbonates,  as  demonstrated  by  Morse,*  show 
reflection  maxima  in  the  infra-red,  the  positions  of  which  vary  with 
the  atomic  weight  of  the  base  in  an  approximately  straight  line 
relation. 

The  most  direct  method  of  attacking  the  question  of  molecular 
structure  is  through  the  behavior  of  crystalline  media,  since  the 
vibrations  are  limited  to  definite  directions  in  the  crystal.  Little 
has  been  done  in  this  direction,  in  part  for  the  want  of  a  suitable 
polarizer  for  long  waves,  and  largely  because  of  the  loss  of  energy 
by  polarization.  As  regards  selective  reflection  as  dependent  upon 
the  plane  of  polarization,  the  field  is  new. 

That  absorption  in  doubly  refracting  media  is  dependent  upon 
the  direction  of  vibration  of  the  incident  energy  has  been  demon- 
strated conclusively  by  the  work  of  Merritt '  and  of  Konigsberger.* 
In  the  case  of  calcite  the  independence  of  the  absorption  for  the 

^Pk^sented  by  title  at  the  Washington  meeting  of  the  American  Physical  Society, 
April  24-25,  1908.    Abstracted  in  the  Physical  Rsvikw,  26,  539,  1908. 
*Astrophys.  Jour.,  11,  225,  1907. 
•Phys.  Rev.,  2,  424,  1895. 
*  Ann.  der  Phys.,  61,  687,  1897. 
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ordinary  and  extraordinary  rays  was  especially  marked.  The  work 
was  not  carried  beyond  5.5  //,  due  to  the  loss  of  energy  by 
polarization. 

The  identity  of  composition  of  calcite  and  aragonite  together 
with  the  differences  in  crystallographic  structure  of  the  two  sub- 
stances, suggested  them  as  worthy  of  further  investigation.  The 
large  differences  in  the  indices  of  refraction  for  two  of  the  principal 
directions  of  vibration  of  both  calcite  and  aragonite,  and  the  sim- 
plicity of  composition,  would  hint  that  large  differences  in  absorp- 
tion and  reflection  might  be  expected. 

The  work  of  this  investigation  consisted  of  two  parts,  dealing 
respectively  with  the  absorption  and  reflection  spectra  for  the  prin- 
cipal directions  of  vibration  of  calcite  and  aragonite. 

Description  of  Apparatus. 
A  diagram  of  the  apparatus  as  arranged  is  shown  in  Fig.   i. 


FlR.  1. 
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For  the  transmission  spectra  the  collimating  arm  A  of  the  spec- 
trometer carried  an  attachment  as  indicated  in  a ;  for  the  reflection 
curves,  this  attachment  was  modified  as  shown  in  b. 

Absorption,  — Rays  from  a  Nernst  heater  L  fell  upon  the  polar- 
izer P  from  which  they  were  reflected  into  the  slit  of  the  spectrom- 
eter, and  after  reflection  from  the  concave  minor  B  passed  through 
the  prism  and  were  brought  to  a  focus  upon  the  radiometer  R  by 
the  second  concave  minor  B' ,  Deflections  were  produced  by  rais- 
ing the  shutter  5.  The  crystal  section,  whose  transmission  spec- 
trum was  desired,  was  placed  at  C.  The  crystal  was  mounted  on  a 
simple  mechanism  permitting  it  to  be  thrown  in  the  path  of  the  rays, 
always  in  the  same  position. 

Reflection.  —  The  same  polarizing  device  used  for  the  absorption 
work,  was  also  used  for  the  reflection  curves  as  shown  in  b.  Rays 
from  the  polarizer  P  were  reflected  to  C  ^  and  from  there  to  the 
spectrometer  slit  The  device  at  C  carried  the  crystal  section 
attached  to  one  of  two  arms,  which  turned  about  a  common 
center.  To  the  other  arm  was  fastened  a  silver  mirror  for  compari- 
son. Either  arm,  when  turned  into  position,  dropped  into  a  notch, 
pressing  the  reflecting  surface  against  a  fixed  guide,  which  brought 
it  to  the  same  position  for  each  observation. 

The  arm  carrying  the  source  L  could  be  turned  about  the  center 
of  the  graduated  arc  E  as  axis.  The  polarizer  was  attached  rigidly 
to  this  graduated  arc,  the  combination  being  free  to  turn  about  its 
center. 

The  scale  T' was  placed  120  cm.  from  the  radiometer. 

Spectrometer,  —  The  reflection  spectrometer  had  a  focal  length 
of  35  cm.  The  method  of  constant  angle  of  emergence  was  em- 
ployed, so  that  the  source  and  likewise  the  devices  for  polarization, 
absorption  and  reflection  were  attached  rigidly  to  the  collimating 
arm.  These  attachments  could  produce  no  strain  in  the  instrument 
since  the  whole  weighed  less  than  one-half  kilogram.  The  rock- 
salt  prism  was  the  same  one  used  by  Coblentz  *  during  his  investi- 
gations in  this  laboratory.  As  no  changes  in  the  prism  faces  had 
been  made  since  that  time,  his  calibration  curve  was  used  by  the 
author  also.     The  prism  faces  were  7  cm.  square,  and  the  refracting 

^  Investigations  of  Infra-red  Spectra,  16. 
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angle  59°  57'  43".  A  circular  plate  of  glass  somewhat  larger  than 
the  dimensions  of  the  prism  was  cemented  on  the  prism  table.  Upon 
this  plate  the  prism  was  accurately  mounted.  A  small  beaker  con- 
taining phosphorus  pentoxide  was  placed  on  the  prism  to  absorb 
moisture.  A  bell -jar  attached  to  a  weighted  cord,  passing  over  a 
pulley  above,  could  be  lowered  over  the  prism  without  jar  to  the  ap- 
paratus and  fit  tightly  upon  the  glass  plate. 

The  angle  of  emergence  was  the  angle  of  minimum  deviation  for 
sodium  light.  This  angle  was  determined  by  the  use  of  a  telescope. 
Fig.  I,  T\  set  up  in  line  of  the  deviated  rays  from  the  prism.  The 
collimating  arm  was  first  clamped  at  a  convenient  point  on  the  spec- 
trometer circle.  The  image  of  the  slit  was  focused  on  the  grad- 
uated scale  of  the  eyepiece  and  the  prism  table  adjusted  to  the  angle 
of  minimum  deviation.  The  other  arm  of  the  spectrometer  was 
then  turned  in  position  and  adjusted  until  the  image  fell  upon  the 
radiometer  slit.  The  settings  were  further  checked  by  the  position 
of  the  COj  band,  from  a  bunsen  burner,  which  falls  sharply  on 
4.40  /i. 

Radiometer,  —  A  Nichols  radiometer  used  by  previous  observers 
in  this  laboratory,  was  at  hand.  Several  improvements,  however,, 
were  added.  The  sensitiveness  of  the  radiometer  was  determined 
in  a  former  investigation.  With  a  candle  and  scale  at  one  meter 
distance  a  deflection  of  12.5  centimeters  per  square  millimeter  of 
exposed  vane  area  was  produced. 

Vanes, — The  superiority  of  platinum  black  as  an  absorbent  of 
radiant  energy  has  long  been  recognized.  To  obtain  a  uniform 
electrolytic  deposit  without  the  added  weight  of  metallic  vanes,  the 
following  method  was  successful.  Thin  sheets  of  mica  were  platin- 
ized on  one  side  with  platinum  chloride.  The  PtCl^  was  applied  ta 
the  surface  with  a  soft  brush  and  allowed  to  dry.  The  mica  was 
then  heated  over  a  metal  plate  until  a  thin  layer  of  platinum  ap- 
peared. This  process  was  repeated  several  times  until  a  uniform 
conducting  layer  was  formed.  In  order  that  the  platinum  stick  to 
the  mica,  it  is  essential  that  the  surface  of  the  mica  be  roughed  with 
medium  emery  paper  before  the  PtCl^  is  applied.  Sheets  of  mica, 
thus  prepared  were  coated  with  platinum  black  after  the  electrolytic 
process  of  Kurlbaum.^     The  vanes  were  i  x  1 1  mm.  and  the  sus- 

>  Ann.  der  Phys.,  67,  846,  1899. 
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pended  system  weighed  9  mg.  The  mirror  was  plane,  about 
2x3  mm.  The  surfaces  were  ground,  and  the  image  was  perfect 
The  fiber  which  was  about  4.7  cm.  in  length,  was  attached  to  the 
bottom  of  a  stirrup  carrying  a  small  bar  magnet  one  centimeter 
long.  This  stirrup  was  attached  with  a  short  silk  fiber  to  a  sup- 
port at  the  top  of  the  radiometer  chamber.  Around  the  neck, 
leading  from  the  radiometer,  was  a  movable  collar  carrying  a  con- 
trol magnet,  which  had  first  been  bent  into  shape  so  its  poles  would 
lie  in  the  plane  of  the  suspended  magnet.  This  device  offered  most 
excellent  control  of  the  suspended  system.  A  double  rock-salt 
window  was  set  back  just  in  front  of  the  vanes.  The  slit  was  set 
back  to  the  front  surface  of  the  window,  so  that  the  loss  in  definition 
of  the  image  between  the  slit  and  the  vanes  was  reduced  to  a  mini- 
mum. The  device  carrying  the  slit  rested  in  two  guides  on  the 
front  of  the  radiometer,  allowing  lateral  adjustment.  The  width  of 
both  the  radiometer  and  spectrometer  slits  was  equal.  For  all  ob- 
servations from  1.7 /i  to  9.8 /i  this  width  was  .3  mm.,  equivalent  to 
3'  of  arc  on  the  spectrometer  circle.  For  observations  beyond 
9.8 /i,  the  slits  were  widened  to  .55  mm.,  or  5.5'  of  arc.  The  time 
for  a  single  deflection  varied  from  .5  to  1.5  minutes  when  the  radi- 
ometer was  worked  at  its  greatest  sensibility.  For  observations  in 
the  more  intense  part  of  the  spectrum  the  pressure  was  lowered 
until  the  radiometer  acted  ballistically.  The  time  of  deflection  was 
thus  reduced  to  20  seconds.  Within  the  tube  leading  from  the 
radiometer  was  placed  absorbent  cotton  mixed  through  with  gold 
foil  to  absorb  mercury  vapor  from  the  pump ;  no  trouble  from 
electrification  of  the  vanes  was  experienced  (see  Coblentz).^ 

Source,  —  A  Nemst  heater  operated  on  a  well  regulated  no 
volt  direct  current  circuit  furnished  the  source  of  energy.  The 
heater  was  run  somewhat  above  its  rated  voltage  and  served  as  a 
very  satisfactory  source. 

Polarizer,  —  Selenium,  as  shown  by  Pfund,*  has  the  properties 
necessary  for  a  good  reflection  polarizer  for  long  waves.  Pfund's 
investigations  were  carried  to  13;^;  however,  it  was  found  in  the 
present  investigation  to  reflect  uniformly  beyond  1 5  /x.     A  reflect- 

UnvestigatioDS  of  Infra-red  Spectra,  Appendix  III.,  124. 
•Astrophys.  Joum.,  l,  23,  1906. 
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ing  polarizer  was  made  after  this  method,  and  polarization  was 
complete.  The  angle  of  polarization  was  determined  experiment- 
ally with  a  Nicol's  prism.  This  angle,  as  measured  on  the  device 
of  Fig.  I,  was  71.5°. 

Crystal  Sections.  —  Polished  sections  cut  by  Zeiss  from  clear  crys- 
tals of  calcite  and  aragonite,  and  containing  the  principal  directions  of 
vibration,  were  employed.  The  section  of  calcite  was  i  mm.  thick, 
and  cut  parallel  to  the  optic  axis.  The  two  aragonite  sections  were 
cut  parallel  to  the  ab  and  ac  axes  respectively.  Large  untwinned 
crystals  of  aragonite  are  difficult  to  obtain.  The  crystals  examined 
were  of  the  Bohemian  type  and  of  clear  quality.  The  thickness  of 
these  plates  was  2  mm.,  and  the  smaller  one  was  about  i  cm. 
square.  For  a  more  definite  location  of  the  calcite  bands  of  absorp- 
tion than  could  be  gained  from  the  above  section  on  account  of  its 
thickness,  a  thin  section  of  calcite,  .14  mm.  in  thickness,  cut  70° 
to  the  optic  axis,  was  also  examined.  The  curves  of  this  section 
serve  well  to  show  the  great  differences  of  absorption  as  dependent 
upon  thickness. 

A  shutter  consisting  of  five  parallel  plates  of  tin  rendered  radia- 
tion from  the  source  through  the  shutter  quite  impossible.  The 
plates  of  tin  were  placed  about  .5  cm.  apart,  permitting  free  circu- 
lation of  air  between  them.  The  shutter  was  fastened  from  the 
ceiling  and  was  operated  with  a  cord  by  the  observer.  Observa- 
tions were  made  in  a  small  basement  room  completely  surrounded 
by  other  rooms,  and  for  this  reason  the  temperature  changes  were 
very  small.  The  spectrometer  and  radiometer  were  mounted  on  a 
table  which  itself  stood  on  marble  blocks  imbedded  in  saw-dust,  in 
boxes  resting  on  the  concrete  floor.  Very  little  trouble  was  ex- 
perienced from  tremors.  Every  precaution  was  taken  to  protect  the 
apparatus  from  outside  radiations.  Both  spectrometer  and  radiom- 
eter were  completely  covered.  As  a  further  protection  to  the 
spectrometer  from  direct  radiations  of  the  source,  opaque  screens 
were  placed  at  N^,  N^,  N^  The  source,  polarizer,  and  slit  were 
also  screened  from  external  radiations.  The  radiometer  was  kept 
connected  with  the  mercury  pump,  but  the  stop-cock  was  always 
closed  except  during  adjustments  for  sensibility,  to  prevent  the 
diffusion  of  mercury  vapor  to  the  radiometer.  All  connecting  joints 
were  mercury  sealed  and  little  trouble  with  leaks  was  experienced. 
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Method  of  Observation. 

The  same  crystal  sections  were  used  for  both  the  absorption  and 
reflection  curves.  The  fraction  or  percentage  of  transmission  was 
the  ratio  of  the  deflection  when  the  crystal  was  placed  in  the  path 
of  the  polarized  rays  to  the  deflection  when  it  was  removed.  Like- 
wise, the  reflection  percentage  was  the  ratio  of  the  reflection  from 
the  crystal  to  that  of  silver  assumed  100  per  cent. 

The  plane  of  the  polarizer  was  placed  in  a  vertical  position.  A 
vertical  strip  of  the  reflecting  surface  about  i  cm.  wide  was  used, 
the  remaining  part  of  the  surface  being  screened  with  black  paper. 
According  to  the  theory  of  Fresnel,  the  direction  of  vibration  of  the 
polarized  energy  would  also  be  in  a  vertical  plane.  The  particular 
crystal  direction  to  be  examined  was  placed  parallel  to  the  direction 
of  vibration  of  the  incident  energy. 

The  planes  of  polarization  of  these  substances,  as  determined  by 
the  crystallographic  axes,  may  be  further  defined  as  follows  :  The 
axis  a  is  the  direction  of  least  elasticity  and  greatest  index  of  refrac- 
tion, and  a  normal  to  the  plane  of  the  optic  axes.  The  b  direction 
is  the  obtuse  bisectrix  of  the  crystal,  and  the  direction  of  medium 
elasticity  and  medium  index  of  refraction.  The  c  direction  is  the 
acute  bisectrix,  and  the  line  of  greatest  elasticity  and  least  index  of 
refraction.  For  calcite  the  c  axis  is  parallel  to  the  optic  axis.  The 
a  and  b  axes  are  equal. 

All  observations  were  repeated  one  or  more  times  in  parts  of  the 
spectrum  where  the  energy  was  large,  and  usually  six  to  eight 
times  when  the  deflections  were  small.  In  each  case  the  zero  was 
determined  by  the  mean  of  two  readings,  one  before,  and  one  after 
each  deflection.  With  the  crystal  in  position,  the  zero  was  noted 
at  the  instant  the  shutter  was  raised.  When  the  mirror  came  to 
rest,  the  deflection  was  read  and  the  shutter  lowered ;  the  crystal 
was  turned  out  of  the  path  of  the  energy  and  a  second  zero  read, 
and  at  the  same  time  a  second  exposure  made  after  which  the  zero 
was  again  read.  The  middle  zero  was  used  in  determining  the 
mean  zero  of  the  two  deflections.  Before  starting  the  observations, 
it  was  necessary  to  remain  in  the  room  at  least  a  half  hour  until 
the  temperature  conditions  became  constant.  With  the  excellent 
definition  of  the  image  of  the  scale,  deflections  were  readily  esti- 
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mated  to  tenths  of  a  millimeter.     Recorded  results  are  the  means 
of  all  observations. 

Due  to  deterioration  of  the  silvered  surfaces,  two  comparison 
mirrors  were  used  for  the  reflection  curves,  viz.,  from  1.7  /x  to  9.8  /x 
and  9.8 /i  to  14.5 /x  respectively.  In  each  case  special  care  was 
taken  to  secure  the  best  polished  surface. 

Results. 

In  the  present  investigation  the  curves  of  absorption  and  reflec- 

tion  for  the  principal  directions  of  vibration  of  calcite  and  aragonite 

hav^  been  carried  beyond  the  absorption  and  reflection  bands  at 

14.2  /i.     All  curves  have  been  drawn  to  the  same  scale  in  Figs.  2  to 

fOOr 
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Fig.  2.    Transmission  curves  for  calcite  (CaCO,),  thickness  i.o  mm.     0,  ordinary  ray  ; 
^,  extraordinary  ray ;  s-s^  width  of  slit. 

4,  and  7  to  9.     The  reflection  bands  have  beea  drawn  to  twice  this 
scale  of  wave-length  in  Figs.  5  and  6,  and  10  to  13. 

Calcite.  Transmission,  —  Observations  were  first  made  on  the 
section  of  i  mm.  thickness.  The  ordinary  ray  (Fig.  2,  0)  shows  a 
shallow  absorption  band  at  2.46  /£.  Strong  bands  are  present  at 
3.46  /i,  3.96 /£  and  4.58  /£.  The  section  becomes  opaque  at  5.54/e 
and  continues  to  10.52 /x.  The  ray  is  again  completely  absorbed 
from  12.2  /i  to  13.0  /i,  and  beyond  13.63  /x. 
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The  extraordinary  ray  (Fig.  2,  e)  indicates  absorption  bands  at 
3.74  /i  and  4.65  n  and  becomes  opaque  at  5.61  /x,  continuing  opaque 
to  8.83  /i.  Another  band  falls  sharply  at  9.80  //.  The  ray  is  also 
completely  absorbed  between  10.9 /e  and  ii.8/i.  The  percentage 
transmission  rises  to  65.0  per  cent,  at  13.40  /x.  A  small  absorption 
band  falls  sharply  at  14.06//. 

These  results  were  compared  with  the  work  of  Coblentz  ^  who 
determined  the  transmission  spectrum  of  calcite  with  unpolarized 
rays  from  i  /x  to  14.2  /<  with  a  crystal  section  .14  mm.  in  thickness 
cut  70*^  to  the  optic  axis.  The  curves  for  the  two  sections  were  so 
different  that  little  relation  could  be  established  between  them. 
Further,  in  comparing  this  curve  with  the  curves  of  Merritt  there 
seemed  to  be  greater  discrepancies.  The  specimen  of  Coblentz 
being  cut  70°  to  the  optic  axis  contains  a  predominance  of  the  ordi- 
nary vibration,  and  its  transmission  curve  should  agree  the  closer 
with  that  of  the  ordinary  ray,  but  the  reverse  relation  was  quite 
evident.  An  exactly  similar  section  cut  70°  to  the  axis  was  ob- 
tained and  its  transmission  spectra  plotted  for  the  two  planes  of 
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Fig.  3. 


Transmission  curves  for  calcite,  thickness  o.  14  mm. 
ordinary  ray. 


p,  ordinary  ray  ;  ^,  extra. 


polarization.     The  results  from  this  section  (Fig.  3)  showed  that 
the  work  of  Coblentz  was  correct  to  14  /x,  and  the  differences  exist- 

^  Investigations  of  Infra-red  Spectra,  Part  III.,  7. 
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ing  for  the  two  sections  in  question  were  accounted  for  entirely  by  dif- 
ference in  thickness.  Likewise  the  seeming  discrepancy  with  Mer- 
ritt's  work  was  readily  explainable  on  this  ground.  The  width,  as 
also  the  depth  of  absorption  bands  increases  with  the  thickness  of 
the  section  so  that  for  thin  sections  certain  small  bands  completely 
disappear.  The  curve  of  the  ordinary  ray  (Fig.  3,  o)  represents  the 
pure  absorption  of  this  ray,  but  for  the  extraordinary  ray  (Fig.  3,  e) 
the  results  are  slightly  masked  by  the  behavior  of  the  ordinary  ray. 
The  principal  bands  of  the  ordinary  ray  between  2  fi  and  6  n  for 
both  sections  agree.  The  broad  band  of  complete  absorption  in  the 
region  of  7  /£  lies  within  the  limits  6.36  //  to  7.60  //  for  the  thin  sec- 
tion. The  bands  at  8.50  //,  9.92  /£  and  10.57  /*  ^tre  not  brought  out 
by  the  thick  section.  These  curves  show  conclusively  that  the  ab- 
sorption band  at  ii.3/£is  due  entirely  to  the  absorption  of  the 
extraordinary  ray.  There  is  no  trace  of  an  absorption  band  in  this 
region  for  the  ordinary  ray.     At  12.66  /x  a  band  is  present  in  both 

'OOr 
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Fig.  4.     Reflection  from  calcite.    Oy  ordinary  ray  ;  e^  extraordinary  ray. 

rays.  The  point  of  maximum  transmission  occurs  at  13.4//  for 
both  rays  and  the  transmission  for  the  two  is  not  very  different. 
But  the  curves  of  Fig.  2  serve  well  to  show  that  the  coefficient  of 
absorption  in  this  region  is  much  greater  for  the  ordinary  ray  than 
for  the  extraordinary  ray.    The  ordinary  ray  is  completely  absorbed 
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at  14.06;/  while  the  extraordinary  ray  shows  only  a  shallow  band 
in  this  region  for  the  thick  section.  Due  to  the  component  which 
the  ordinary  ray  exerts  in  the  thin  section,  the  extraordinary  ray 
will  show  the  band  at  14.06  [x  much  exaggerated  in  depth.  The 
positions  of  the  absorption  bands  of  calcite  are  given  by  Kayser^ 
as  follows  :  6.69//,  11. 41  /x,  14.4 /^  and  29.4//.  In  the  present  in- 
vestigation, if  the  center  of  the  first  band  be  taken  as  6.71  /x,  the 
variations  from  the  above  values  are  +  .02  /£,  —  .1 1  /x  and  —  .3  /i 
respectively. 

Reflection.  —  The  reflection  curves  for  calcite  have  relations  simi- 
lar to  the  absoption  curves.  The  first  reflection  band  occurs  in 
the  ordinary  ray  (Fig.  4,  o).  It  is  broad  and  complex,  with  two 
principal  and  nearly  equal  maxima  at  6.46  [x  and  6.96  /x,  and  indica- 
tion of  another  maxima  at  6.70  /x.  This  band  is  no  doubt  more  com- 
plex than  indicated  in  this  curve.  Coblentz*  with  unpolarized 
energy  found  a  complex  reflection  band  for  caldte  with  maxima  at 
6.5/x  and  6.6  /x,  and  a  complex  maximum  in  the  region  of  7/x. 
The  absence  of  any  absorption  band  at  11.3/x  in  the  transmission 
curve  of  the  ordinary  ray  is  likewise  brought  out  by  the  absence  of 
a  reflection  band  in  this  region  for  the  ordinary  ray. 

For  the  extraordinary  ray  (Fig.  4,  e)  which  showed  complete 
absorption  in  the  regions  6.7 /x  and  11.3/x  for  the  thick  section, 
there  undoubtedly  would  have  been  complete  absorption  in  the 
latter  region  by  the  thin  section,  except  for  the  direction  in  which 
the  crystal  was  cut.  This  ray  shows  no  trace  of  a  reflection  band 
at  6.7/x,  but  a  very  strong  band,  reflecting  89.1  per  cent,  of  the 
incident  energy  at  11.30/x.  The  position  of  this  band  from  the 
transmission  curve  is  11.28/x.  This  small  difference  might  readily 
be  explainable  again  by  the  impurity  of  the  extraordinary  curve. 
As  shown  in  Fig.  3,  the  ordinary  curve  is  changing  very  rapidly  in 
this  region  and  in  a  manner  to  shift  the  minimum  toward  the 
shorter  wave-lengths.  Both  curves  exhibit  reflection  bands  beyond 
14 /x.  For  the  extraordinary  ray  in  which  absorption  was  not 
complete,  the  change  in  reflection  is  also  small,  and  coincides  in 
position   with   the   absorption   band.     The  ordinary   ray  is  com- 

>  Handbadi  der  Spectroscopie,  Vol.  IV.,  50a. 

'Supplementary  lovestigatioiis  of  Infra-red  Spectra,  Part  V.,  23. 


Digitized  by 


Google 


302 


R.  E.  NYSWANDER, 


[Vou  XXVIII. 


pletely  absorbed  at  14.06/1  but  its  reflection  band  is  shifted  to 
14.17  fi.  The  importance  of  exact  setting  of  the  crystal  is  brought 
out  by  the  broken  curve  a,  Fig.  6.  This  band,  since  it  was  not  a 
typical  reflection  band,  led  to  a  question  of  error  in  setting  the  crys- 
tal, or  incompleteness  of  i>olarization.     The  crystal  was  reset  with 


/CO 


r/oa 


Figs.  5-6.     Reflection  from  calcite.     0,  ordinary  ray  ;  /,  extraordinary  ray. 

greater  exactness  and  this  region  reexamined.  The  full  curve  o 
was  obtained.  To  check  this  point  further  another  section  cut 
perpendicular  to  the  optic  axis  was  investigated  through  this  region. 
In  this  curve  there  could  be  little  possibility  of  the  extraordinary 
ray  exerting  an  influence,  and  for  this  crystal  the  broken  curve  i, 
Fig.  6,  was  obtained,  checking  the  curve  0, 

Aragonite,  Transmission,  —  When  the  direction  of  vibration  of 
the  incident  energy  is  parallel  to  the  a  axis  (Fig.  7,  a)  the  curve  is 
not  very  different  from  the  ordinary  curve  for  calcite.  The  first 
band  appears  as  2.46//,  another  at  3.30/1,  and  then  a  band  of  zero 
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transmission  at  4.04//.  At  5.54;/  there  is  complete  absorption 
continuing  to  9.50//.  This  direction  transmits  very  little  energy  in 
the  region  9.5/1  to  12.0/1.  At  13.92//  the  curve  falls  to  zero  and 
continues  to  the  end  of  the  observations. 

The  curve  for  the  second  direction  of  vibration  (Fig.  7,  b),  parallel 
to  the  b  axis,  is  somewhat  similar  to  the  transmission  curve  a,  but 


F\g,  7.     Transmission  curves  for  aragonite  (CaCO,),  thickness  2.0  mm. 
II  a  JL  ^  axis ;  b^  vibrations  ||  b  axis ;  r,  vibrations  ||  c  axis. 


a,  vibrations 


shows  a  shift  toward  the  shorter  wave-lengths  of  some  of  its  max- 
ima and  minima.  Absorption  bands  are  present  at  2.05 //,  3.30 /e 
and  4.04/1.  The  absorption  is  complete  from  5.45/1  to  lo.io/i, 
and  again  between  10.6/1  and  11.7/1.  Another  band  appears  at 
12.20//,  and  beyond  13.5//  the  transmission  is  zero. 

When  the  incident  vibrations  are  parallel  to  the  c  axis  (Fig.  5,  c) 
the  transmission  curve  resembles  the  extraordinary  curve  for  calcite. 
This  resemblance  is  especially  close  in  the  region  9  //  to  1 5  ft  except 
that  the  transmission  maxima  and  minima  in  the  aragonite  curve 
are  shifted  about  .25  //  toward  the  longer  waves  in  all  cases  except 
the  band  at  14.06//,  for  which  there  is  exact  coincidence.  From 
1.7// to  5.5 //this  curve  shows  a  greater  transmission  of  energy 
than  curves  a  and  b.  In  this  region  there  is  a  shallow  band  at 
2.05 //and  a  deep  band  at  3.13//.     Absorption  is  complete  from 
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5.65/1  to  9.32 /i.     Again  there  is  opacity  from   io.i3/£  to  12,26 {i. 
A  sharp  absorption  band  falls  at  14.06/1. 

According  to  the  theory  of  the  ellipsoid  of  elasticity,  the  optical 
properties  of  a  crystal  are  dependent  upon  the  displacement  of  the 
particle  in  the  direction  of  vibration,  and  independent  of  the  ray  direc- 
tion through  the  medium.  The  two  sections  of  aragonite  contained 
four  principal  directions  of  vibration,  two  of  which  were  parallel  to 
the  common  axis  a.  As  a  further  check  upon  the  work  in  hand 
and  to  demonstrate  that  in  a  biaxial  crystal  absorption  is  dependent 
only  upon  the  direction  of  vibration,  the  absorption  curves  for  the 
directions  a,  a  in  the  two  sections  were  obtained  (Fig.  8).     The 
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Fig.  8.     Transmission  carves  for  aragonite,  thickness  2.0  mm.     I,  vibrations  \a  Lc 
axis  ;  2,  vibrations  \a      b  axis. 

ray  directions  through  the  crystal  in  the  two  cases  were  normal  to 
each  other,  but  the  directions  of  vibration  parallel.  The  two  curves 
show  that  the  absorption  characteristics  are  very  similar.  For 
curve  I ,  the  ray  direction  was  parallel  to  d,  and  parallel  to  c  for 
curve  2.  The  difference  of  note  is  the  band  at  2.46  fi  which  occurs 
in  curve  2,  but  is  entirely  absent  in  i.  In  most  parts  the  transmit- 
ting power  of  2  is  greater  than  i. 

Refiectiojj^^j-^  When  the  incident  energy  is  parallel  to  the  a  axis 
(Fig.  9,  a)  nearly  100  per  cent,  of  this  energy  is  reflected  at  6.65  fi. 
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It  is  universally  true  that  substances  showing  powerful  selective 
absorption  also  exhibit  correspondingly  large  reflecting  powers  in 
the  same  regions,  yet  few  substances  reflect  so  powerfully  as  this. 
Because  of  the  sharpness  and  high  reflecting  power  of  this  band,  its 


Fig.  9.     Reflection  from  aragonite.     a,  vibrations  ||  a  JL  r  axis  ;  b^  vibrations  | 

r,  vibrations  ||  c  axis. 

maximum  must  necessarily  determine  the  position  of  the  absorption 
maximum  for  this  ray.  No  band  is  present  at  11.55 /£  ^^^  this 
direction.  Its  second  band  falls  at  14.06  fi  and  through  this 
region  absorption  was  complete  for  the  corresponding  transmission 
curve. 

In  the  second  reflection  curve  (Fig.  9,  b)  the  direction  of  vibra- 
tion is  parallel  to  the  b  axis.  This  curve  has  a  complex  band  in 
the  first  region.  The  band  has  two  sharp  and  nearly  equal  maxima 
which  fall  at  6.46/1  and  6.70/1  respectively.  Coblentz,'  with  un- 
polarized  enei^,  found  a  complex  reflection  band  for  aragonite 
with  two  maxima  at  6.53//  and  6.75//  respectively.  The  first 
maxima  of  the  complex  band  of  calcite  occurs  also  at  6.46/1. 
There  is  no  band  at  11.55/1,  but  at  14. 17  /i  a  sharp  band  is  present 
with  a  reflecting  power  of  nearly  29  per  cent.  The  transmission 
curve  for  this  ray  also  shows  opacity  in  this  region.     TJie  position 

*Loc.  cit. 
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of  this  band  agrees  exactly  with  the  corresponding  band  for  the 
ordinary  ray  of  calcite. 

For  the  third  curve  the  direction  of  vibration  is  parallel  to  the  c 
axis  (Fig.  9,  c).     In  the  region  6  fi  to  7  (jl  there  is  no  trace  of  a 


Fig.  10-1 1.     Reflection  Irom  aragonite.     a,  vibrations  ||  a  axis  ;  b^  vibrations  ||  6  axis ; 
c^  vibrations  ||  c  axis. 

band,  but  in  the  second  region  there  is  a  very  strong  band  falling 
sharply  at  11.55/1,  with  a  reflecting  power  of  more  than  99  per 
cent.  This  band  like  the  first  band  of  curve  a,  must  determine  the 
position  of  maximum  absorption.  At  14.06/1  there  is  a  small  band 
which  coincides  in  position  and  of  about  the  same  intensity  as  the 
band  of  the  extraordinary  ray  of  calcite.  In  fact  the  two  curves 
are  very  similar  except  for  the  shift  of  the  principal  band  which  for 
calcite  falls  sharply  at  11.30/1. 

Summary. 
The  results  of  the  foregoing  investigation  may  be  summarized  as 
follows : 
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1.  The  absorption  and  reflection  curves  of  calcite  and  aragonite, 
as  dependent  upon  the  direction  of  vibration  between  1.7/1  and  1 5  /i, 
show  three  regions  of  characteristic  bands  at  6.6  /i,  1 1 .5  //  and  14.  i  yt< 
respectively. 

2.  For  calcite  the  reflection  band  in  the  first  region  is  complex 
with  two  principal  maxima  at  6.46  fi  and  6.96  fi  and  a  third  smaller 
maximum  at  6.70 /«•  For  aragonite  there 
are  two  bands,  one  simple  band  with  max- 
imum at  6.65  /£  and  one  complex  band  of 
two  maxima  at  6.46  /i  and  6.70  {i  respec- 
tively. In  the  second  region  the  bands 
for  calcite  and  aragonite  are  very  similar 
but  shifted  in  position  as  follows  :  calcite 
1 1.30  /£,  aragonite  11.55//.  But  the  bands 
for  the  two  crystals  coincide  in  the  third 
region. 
Calcite  —  extraordinary  ray 

14.06  /£,  ordinary  ray  14. 17  //. 

Aragonite  —  c 

14.06  /£,  a  and  b  14. 1 7  /<• 

3.  The  first  bands  occur  only  in  the 
ordinary  ray  for  calcite  and  the  a  and  b 
directions  for  aragonite.  For  both  crys- 
tals the  second  band  is  present  only  in  the 
direction  of  the  acute  bisectrix.  The  shifted 
band  at  14.17/c  occurs  only  in  the  obtuse 
bisectrix  for  both  crystals. 

4.  That  with  exception  of  the  band  at    |i^axis;r,  vibrations  llraxis; 

2.46  ft  absorption  characteristics  in  a  biaxial    ^^  ordinary  ray  ;   e,  extraordi- 

crystal  are  dependent  upon  the  direction  of  °"^  "^' 

vibration  and  independent  of  the  ray  direction  through  the  crystal. 

5.  At  14.06/1  the  reflection  bands  for  the  acute  bisectrix  in  both 
substances  have  corresponding  absorption  bands  which  are  very 
shallow.  In  the  obtuse  bisectrix  the  absorption  band  for  calcite 
falls  at  14.06/1  while  the  corresponding  reflection  band  is  shifted  to 
14.17/1. 


0 

Figs.  12-13.  Reflection  from 
aragonite  and  calcite.  a,  Tibra- 
tions  II  a   axis;   ^,  vibrations 
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6.  The  characteristic  bands  may  be  determined  more  advantage- 
ously by  reflection  than  absorption,  first  on  account  of  the  difficulty 
in  working  with  sections  sufficiently  thin  for  sharp  bands,  secondly 
on  account  of  small  errors  which  may  result  from  impurity  of  the 
substance.  A  small  per  cent,  of  any  impurity  of  high  absorbing 
power  in  sections  of  appreciable  thickness,  may  vitiate  the  results 
to  a  considerable  degree.  By  the  method  of  reflection  such  an 
error  would  be  inappreciable. 

7.  From  the  physical  similarity  of  the  anhydrous  carbonates  of 
the  calcite  and  aragonite  groups,  it  may  be  assumed  with  safety 
that  any  characteristic  of  one  of  the  members  will  apply  equally 
well  to  all  of  the  carbonates  of  that  group.  Accordingly  the  char- 
acteristic absorption  and  reflection  bands  at  6.6  fi  are  not  present  in 
the  acute  bisectrix,  at  i  i-S  /^  they  occur  only  in  the  acute  bisectrix, 
for  all  of  the  anhydrous  carbonates.  The  bands  at  14/1  are  present 
in  the  absorption  and  reflection  curves  of  each  of  the  principal  direc- 
tions of  vibration. 

The  present  investigation  has  been  carried  out  during  the  past 

year  under  the  direction  of  Professors  Nichols  and  Merritt,  whom 

the  author  wishes  to  thank  most  heartily  for  the  many  facilities 

placed  at  his  disposal  and  for  their  never-failing  interest  in  the 

progress  of  the  work.     He  is  also  much  indebted  to  Dr.  W.  W. 

Coblentz,  of  the  Bureau  of  Standards,  for  advice  based  upon  his 

extended  experience  in  radiometric  work,  to  Professor  Shearer  for 

many  useful  suggestions,  and  to  Professor  Gill,  of  the  Department 

of  Mineralogy,  for  kindly  advice  in  mineralogical  matters,  and  for 

his  friendly  interest  shown  in  other  ways. 

Cornell  University, 
August,  1908. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Forty-Sixth  Meeting. 

A  meeting  of  the  Physical  Society  was  held  in  Fayerweather  Hall^ 
Columbia  University,  New  York  City,  on  Saturday,  February  27, 
1909.     President  Henry  Crew  presided. 

The  following  papers  were  presented  : 

The  Radiation  from  Neutral  Electric  Systems.     Daniel  F.  Comstock. 

Thermoelectric  Behavior  of  Tungsten  and  Tantalum.    (By  title. )  Wm. 
W.  Coblentz. 

The  New  Magnetic  Charts  of  the  United  States  for  1905.     (Illustrated 
by  lantern  slides. )     L.  A.  Bauer. 

On  the  Radioactive  Deposits  from  Actinium.     J.  C.  McLennan. 

Determination  of  the  Frequency  of  Glow- Arc  Oscillations.     W.  G. 
Cady. 

The  Number  of  Free  Corpuscles  per  Unit  Volume  of  the  Metals,  Gold, 
Platinum  and  Silver.     B.  J.  Spence. 

Change  of  Intensity  and  Rate  of  Decay  of  Gas  Phosphorescence  with 
Variation  of  Gas  Pressure.     C.  C.  Trowbridge. 

The  Longitudinal  Pressure  of  Sound  Waves.     (By  title.)     Elmer  E. 
Hall. 

The  Radiation  from  Gases  Heated  by  Sudden  Compression.     E.  F. 
Nichols  and  G.  B.  Pegram. 

Note  on  Dispersion  Theories.     A.  Trowbridge. 

Ernest  Merritt, 

Secretary. 

Note  on  the  Cathode  Equilibrium  of  the  Weston 
Normal  Cell. 

By  F.  a.  Wolff. 

THE  paper  deals  with  the  value  of  the  Weston  cell  obtained  immedi- 
ately after  it  is  completed  by  bringing  the  mercury  into  contact 
with  the  paste,  and  furnishes  a  crucial  test  of  the  theory  regarding  the 
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equilibrium  conditions  found  in  the  cell  which  was  recently  advanced  by 
Hulett.* 

According  to  Hulett,  mercurous  sulphate  is  hydrolized  by  a  neutral 
saturated  solution  of  cadmium  sulphate  with  the  formation  of  a  basic 
mercurous  sulphate,  and  equilibrium  is  reached  when  the  concentration 
of  the  free  acid  is  equal  to  .08  mol  per  liter.  Since  the  acid  concentra- 
tion corresponding  to  saturation  of  the  solution  with  basic  mercurous  sul- 
phate was  found  to  be  .00045  mol  per  liter,  this  would  call  for  the 
hydrolysis  of  a  considerable  quantity  of  mercurous  sulphate  and  the  for- 
mation of  a  corresponding  amount  of  basic  mercurous  sulphate. 

In  order  to  account  for  the  value  of  the  Weston  cell  set  up  in  the  ordi- 
nary manner  which  corresponds  to  the  mercury  concentration  of  a  satu- 
rated solution  of  mercurous  sulphate  in  saturated  cadmium  sulphate, 
Hulett  assumes  that  the  equilibrium  condition  above  referred  to  is  rapidly 
attained  in  the  cell  on  account  of  the  hydrolysis  being  accelerated  at  the 
"plain"  mercury  surface,  the  products  being  prevented  from  leaving 
the  cathode  surface  by  the  resistance  to  diffusion  offered  by  the  paste. 
According  to  this  theory,  the  value  of  a  Weston  cell  freshly  set  up  should 
rapidly  increase  by  approximately  2  millivolts,  the  increase  observed  by 
Hulett  in  his  rotation  cells,  while  the  solution  in  contact  with  the 
mercury  cathode  is  being  saturated  with  basic  mercurous  sulphate.  This 
value  would  then  begin  to  decrease  to  the  value  ordinarily  regarded  as 
normal,  on  account  of  the  sulphuric  acid  set  free  by  the  continuation  of 
the  hydrolysis. 

To  test  this  theory  a  number  of  cells  were  constructed  in  the  following 
manner  :  Cadmium  amalgam  was  introduced  into  one  limb  of  an  H-type 
cell.  This  was  covered  to  a  depth  of  one  half  centimeter  with  a  saturated 
cadmium  sulphate  solution  to  which  finely  pulverized  crystals  of  cadmium 
sulphate  were  added  until  no  free  solution  was  observed  over  the  crystals. 
The  paste,  freshly  made  up,  was  next  introduced  and,  after  tilting  the 
cell,  mercury  was  poured  into  the  second  limb  and  the  cross-arm.  The 
cell  was  then  held  in  an  inclined  position  for  from  five  to  ten  minutes  in  a 
25°  oil-bath  in  order  to  bring  the  materials  to  that  temperature.  Con- 
nections to  the  potentiometer  having  been  completed,  observations  could 
be  made  immediately  after  bringing  the  mercury  into  contact  with  the 
paste,  thus  completing  the  cell.  This  method  made  it  possible  to  obtain 
a  rough  instantaneous  value  from  the  magnitude  of  the  initial  deflection, 
and  actual  measurements  could  be  made  within  ten  seconds.  The  be- 
havior to  be  expected  on  the  theory  proposed  by  Hulett  was  not  found, 
so  that  it  may  be  safely  concluded  that  the  assumption  of  accelerated 
hydrolysis  at  a  mercury  surface  does  not  apply  to  the  Weston  cell  as  ordi- 
narily set  up.  Further  work  suggested  by  these  experiments  in  contem- 
plated. 

»  Phys.  Rev.,  Vol.  27,  p.  337,  1908. 
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The  Number  of  Free  Corpuscles   per  Unit  Volume  of 
THE  Metals  Gold,  Platinum  and  Silver.* 

By  B.  J.  Spence. 

DRUDE*  has  developed  in  his  work  on  the  optical  properties  of 
metals  a  theory  of  dispersion,  based  on  the  assumption  that  in  the 
metals  there  exist  two  l^inds  of  corpuscles,  the  conducting  and  vibrating 
corpuscles.     He  arrives  at  the  following  equations 


m 


«* 


N  — 


"  -'  +  ^  =1:  X«*::i7  "  ^'^i:  — ^.;«v '  (^) 


"0  ^  f   .   4'r>wV 

^k  "1" 


e*>} 


where  a  is  the  absorption  coefficient  of  the  metal,  n  its  refractive  in- 
dex, e  the  charge  (3  X  io~^*  C.G.S.  electrostatic  units),  m  the  mass 
(-55  X  io~"  gm.),  ^  the  velocity  of  light  in  vacuo,  Oj,M^  is  of  the 
dimensions  of  a  dielectric  constant,  X^  the  wave-length  corresponding  to 
an  absorption  hand  in  the  ultra-violet,  and  r;^  is  defined  by  <r;^  =  ^i/^k$ 
where  N^  is  the  number  of  corpuscles  per  imit  volume  and  e^^  is  the 
conductivity  as  a  function  of  the  wave-length. 

The  first  term  of  (2)  is  the  contribution  due  to  the  vibrating  corpus- 
cle, and  the  remaining  terms  of  the  right  hand-member  of  (i)  and  (2) 
are  the  contributions  due  to  the  conducting  corpuscle. 

If  we  neglect  the  contribution  due  to  the  vibrating  corpuscle  we  obtain 
two  equations  in  two  unknown  quantities,  M^  and  r^,  which  on  solution 
give 

"---r  >l(a'-n'+i)  =  "3  X  loy(^).  (3) 

jv;  »(«'-«•  + 1)  ^  (4''(/W)'  +  i/^') 

'^  (4) 

=  .55  X  io"(a'  -  ««  +  i)(4'r(/('»))'  +  i/^'). 

The  absorption  coefficients  a  are  known  from  the  work  of  Rubens  and 
Hagen,'  and  the  refractive  indices  n  are  known  from  the  work  of  the 
writer,  which  were  reported  at  a  previous  meeting.* 

*  Abstract  ot  a  paper  presented  at  the  New  York  meeting  of  the  Ph3rsical  Society, 
February  27,  1909. 

'Dmde's  Ann.,  14,  936,  1904. 
»Phil.  Mag.,7,  157,  1904. 

*  Washington,  D.  C,  April,  1908. 
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The  value  of  M  for  silver,  taken  as  a  mean  of  the  values  obtained  for 
various  wave-lengths  where  the  values  were  constant  is  .37  x  10".  The 
values  of  iVfor  platinum  and  gold  are  .82  x  10"  and  .33  x  10"  respec- 
tively. These  were  also  taken  as  a  mean  value  of  several  values  for  vari- 
ous wave-lengths  where  no  constant  variation  appeared. 

Thermoelectric  Behavior  of  Tungsten  and  Tantalum.* 
By  Wm.  W.  Coblentz. 

FURTHER  improvement  in  the  construction  of  thermopiles  must 
come  through  the  reduction  of  the  heat  capacity  of  the  junctions. 
Tantalum  is  obtainable  in  fine  wires ;  it  is  pliable  and  does  not  oxidize 
readily  at  ordinary  temperatures,  and  hence,  suggests  itself  as  a  substi- 
tute for  iron  (steel)  in  connection  with  constantan.  Observations  were 
made  on  the  thermoelectric  power  of  couples  made  of  copper-tantalum 
and  copper-tungsten,  the  temperature  range  being  from  —  180°  to 
-f  300°  C.  The  results  show  that  throughout  the  range  investigated  the 
thermoelectric  power  of  the  copper- tantalum  is  about  4.  i  microvolts  per 
degree,  which  is  one  tenth  that  of  a  copper  constantan  couples. 

The  thermal  electromotive  force  curve  of  tungsten-copper  is  rather 
unusual  in  that  its  inversion  temperature  occurs  at  about  40®  C.  For 
temperatures  below  —  100°  C.  the  thermoelectric  power  is  about  3.8 
microvolts  per  degree  while  above  -f  200*^  C.  the  thermoelectric  power 
is  about  4. 5  microvolts  per  degree.  In  both  couples  the  direction  of  the 
current  is  the  same  as  that  of  a  copper-constantan  couple. 

^  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society^ 
February  27,  1909. 
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ON  THE  ELECTRON  THEORY  OF  THERMAL  RADIA- 
TION FOR  SMALL  VALUES  OF  (;iT). 

By  Jakob  Kunz. 

TWO  theories,  starting  from  different  assumptions  and  proceed- 
ing in  very  difierent  ways,  account  for  the  laws  of  thermal 
radiation  of  the  black  body.  The  elementary  system  emitting  and 
absorbing  heat  waves  considered  by  M.  Planck  is  an  oscillator  con- 
sisting of  two  electrical  poles  of  opposite  sign  that  are  movable  on 
a  straight  line.  Making  use  of  the  general  principles  of  electro- 
dynamics, thermodynamics  and  probability,  M.  Planck  finds  the  fol- 
lowing expression  for  the  distribution  of  energy  in  the  spectrum  of 
radiations  of  the  black  body  : 

J.        Ce^ 

I    —  ^      AT* 

Among  all  the  numerous  expressions  given  for  this  quantity  that  of 
Plank  alone  seems  to  coincide  in  a  satisfactory  way  with  the  experi- 
mental data  for  all  values  of  ^  and  T.      For  large  values  of  XT  (his 

expression  reduces  to 

T 

a  relation  that  has  been  suggested  by  Lord  Raleigh.  For  small 
values  of  ^r and  for  visible  light  Planck's  law  reduces  to 


E.  =  C-^ 


due  to  Wien. 
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The  second  theory  of  radiation,  first  suggested  by  J.  J.  Thom- 
son and  then  worked  out  by  H.  A.  Lorentz,  considers  the  radiation 
of  heat  and  h'ght  as  of  the  same  nature  as  Rontgen  rays.  Ront- 
gen  rays  are  considered  as  electromagnetic  pulses  due  to  the  impact 
of  cathode  rays  against  a  solid  obstacle.  '  In  the  same  way  radia- 
tion of  heat  and  light  may  be  produced  by  electrons  that  come  into- 
collision  with  the  atoms  of  a  metal.     H.  A.  Lorentz  found 

16  TtaT 

for  the  amount  of  energy  per  unit  volume  whose  wave-length  is  Xy 
when  a  is  the  gas  constant  and  T'the  absolute  temperature. 

For  long  wave-lengths  this  expression  agrees  well  with  the  results 
of  experiments  and  Lorentz  found  from  the  measurements  made 
by  Lummer  and  Pringsheim  and  Kurlbaum  on  the  amount  of 
radiation  given  out  by  hot  bodies  for  a  =  i,  2.  io~**,  a  value  that 
coincides  very  closely  with  the  gas  constant.  We  should  expect 
however  that  most  of  the  energy  radiated  in  consequence  of  col- 
lisions should  be  contained  in  the  region  of  short  wave-length.  An 
electron  coming  into  collision  with  an  atom  emits  pulses  of  intense 
electric  and  magnetic  force,  the  thickness  of  these  pulses  will  be 
the  distance  over  which  light  travels  during  the  time  occupied  by  a 
collision.  The  disturbance  in  the  electric  and  magnetic  field  round 
about  the  electron  when  colliding  with  an  atom  consists  in  a  suc- 
cession of  exceedingly  thin  pulses.  Now  the  part  of  the  energy  of 
radiation  calculated  by  Lorentz  corresponds  to  wave-lengths  that 
are  long  in  comparison  with  the  distance  traveled  over  by  light  not 
jn  the  short  interval  of  a  collision  but  in  the  much  longer  interval 
which  elapses  between  two  collisions.  Lorentz's  theory  does  not 
explain  why  there  is  a  maximum  of  energy  of  radiation  in  the 
spectrum  of  the  black  body  nor  why  this  maximum  moves  towards 
the  blue  end  with  increasing  temperature.  The  theory  does  not 
account  for  the  fact  that  a  body  gets  red  hot  and  white  hot  when^ 
its  temperature  is  sufficiently  increased.  J.  J.  Thomson  in  a  very^ 
suggestive  investigation  of  the  electrical  origin  of  the  radiation 
from  hot  bodies  ^  has  given  a  very  lucid  deduction  and  extension 
U'hil.  Mag.,  sixth  series,  Vol.  XIV.,  p.  217,  1907. 
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of  the  results  obtained  by  Lorentz.  According  to  this  investiga- 
tion the  character  of  the  radiation  depends  upon  the  time  of  a  col- 
lision between  the  electron  and  an  atom.  If  the  time  of  collision  is 
so  prolonged  that  light  during  this  time  can  travel  over  a  distance 
comparable  with  the  wave-length  of  visible  light,  then  the  resulting 
radiation  will  be  visible  light  and  the  maximum  intensity  of  the 
light  will  be  in  that  part  of  the  spectrum  where  the  wave-length  is 
comparable  with  the  distance  traveled  by  an  electromagnetic  wave 
during  a  collision.  The  period  of  vibration  of  the  light  of  maximum 
intensity  is  comparable  with  the  time  of  a  collision.  For  wave- 
lengths shorter  or  longer  than  this  characteristic  wave-length  the 
intensity  of  light  will  rapidly  fall  off.  Thus  one  of  the  chief  proper- 
ties of  thermal  radiation  would  be  explained.  Moreover,  if  we 
assume  that  the  time  of  collision  at  a  given  temperature  is  inde- 
pendent of  the  nature  of  the  radiating  body,  and  is  only  depending 
on  the  absolute  temperature  in  such  a  way  as  to  decrease  with 
increasing  temperature,  we  understand  why  the  color  of  the  light 
for  which  the  intensity  of  radiation  is  a  maximum  depends  only  om 
the  temperature  and  moves  towards  the  blue  end  of  the  spectrum^ 
as  the  temperature  is  increased.  On  this  ground  J.  J.  Thomsoni 
developed  the  mathematical  theory  of  radiation  and  found  for  the 
energy  having  frequency  between  g  and  g  +  dg  radiated  from  unit 
volume  in  unit  time  the  expression  : 

(I)  N^^F.^sin^^-'^-dg, 

/j  =  time  of  collision, 
/j  =  time  interval  between  two  collisions. 
N  t^  Number  of  collisions  in  unit  volume  and  unit  time, 
c  =  elementary  charge. 
F=  velocity  of  light. 
/(/)  s  acceleration  of  the  electron  in  the  neighborhood  of  an  atom 
as  a  function  of  time. 

Considering  the  steady  state  of  radiation  where  the  amount  of 
energy  radiated  from  unit  volume  in  unit  time  is  equal  to  the  energy 
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absorbed  and  introducing  for  the  conductivity  a  of  the  metal  for 
short  waves  the  value  : 


<T=  2 


aA^' 


(f) 


m        ^ 
J.  J.  Thomson  finally  finds  the  expression 

m  =  mass  of  electron. 

k  =  specific  inductive  capacity  of  the  substance. 
The  final  result  will  now  depend  upon  the  function /(/). 
Two  functions 

and 

were  introduced  in  equation  (2).  The  first  expression  does  not  lead 
to  any  of  the  various  forms  that  have  been  proposed  as  laws  of  dis- 
tribution of  the  energy  in  the  spectrum  of  the  black  body.  The 
second  function  however  leads  to  the  following  expression  : 

^        i6;r  a72  -''^« 

of  the  type  suggested  by  Lord  Rayleigh.  If  the  second  law  of 
thermodynamics  holds  for  radiant  energy,  £^  must  be  of  the  form : 

where  ^  {^T)  is  a  function  of  (^T)  and  the  same  for  all  bodies. 
Comparing  the  two  last  functions  we  see  that  a,  the  time  of  a  col- 
lision, must  at  the  same  temperature  be  the  same  for  all  bodies  and 
must  be  inversely  proportional  to  the  temperature,  /.  e,,  to  the 
square  of  the  average  velocity  of  the  electrons  of  all  bodies.  Upon 
this  assumption  EX  will  be  found  to  be  of  the  form 

IT      <^ 
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Now  this  law  again  holds  only  for  large  values  of  the  wave-length 
ly  when  it  reduces  to  the  expression  : 

while  it  does  not  agree  with  the  experiments  of  Lummer  and 
Pringsheim,  Rubens  and  Kurlbaum  and  Paschen  for  long  waves.^ 
Thus  the  theory  of  Lorentz-Thomson  as  far  as  it  has  been  developed 
accounts  only  for  the  radiation  of  long  waves  of  heat.  As  Thom- 
son's expression  (i),  however,  admits  of  a  large  variety  of  func- 
tions /(/),  I  am  going  to  determine  /(/)  so  that  Wien's  expression 


E,^C- 


e 
'  kT 


-A  ' 


should  result,  which  is  the  law  of  the  distribution  of  energy  for  short 
waves,  or  of  visible  and  ultraviolet  light. 

The  energy  having  frequency  between  g  and  g  +  dg  radiated 
from  unit  volume  in  unit  time  is  equal  to  : 

(3)  dEg  =  N^^^siv?[^)F,-dg. 

I  assume  the  following  form  of  the  function  F^ : 

dEg^^N^^  ^Age-" sin*  (^*) dg. 

In  the  steady  state  of  radiation  the  energy  given  out  from  unit  vol- 
ume in  unit  time  must  be  equal  to  the  energy  absorbed.  This 
absorption  is  due  to  the  same  cause  as  the  production  of  heat  in 
the  conductor  when  an  electric  current  passes  through  it,  since  the 
waves  are  made  up  of  electric  and  magnetic  forces.  When  the 
current  in  a  conductor  is  t  and  the  electric  force  is  equal  to  X,  the 
rate  at  which  energy  is  absorbed  in  unit  volume  is  equal  to 
Xi  =  X^(T,  (T  being  the  specific  conductivity.  Now  the  energy  £ 
per  unit  volume  of  the  conductor  is  equal  to 

1  Rubens  and  Kurlbaum,  Dnide's  Annalen  (4),  p.  649,  1901.     Paschen,  Drude's 
Annalen  (4),  p.  210,  1901. 
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^^   or   X^^^TzV^E. 
The  rate  at  which  energy  of  the  frequency^  is  absorbed  is  equal  to 

In  the  steady  state  the  heat  radiated  must   be  equal  to  the  heat 
absorbed. 


a^t  V^dEg  =  ^  ^  ^  Age-''  sin*  (  ^' )  dg, 
dEg=N-^  ^-^-^  ge-o"  sin'  (  ^^)  dg. 


When  the  heat  produced  by  the  current  represents  the  work  done 
by  the  electric  field  on  the  electrons  while  moving  through  their 
free  path,  J.  J.  Thomson  deduced  for  a  the  following  value  : 


=  2A^-^-sin'(^V 
z^m     *  \  2    / 


Substituting  this  value  in  the  last  equation  we  shall  have  : 
Nz^mg^e-^Adg     mAg^e-'' 

dg^  — ^2 —  neglecting  the  sign, 

(4)  dE^^VmA:^:^'-^dX 

or 

c 

E  —  C- 

Thus  we  find  Wien's  expression  on  the  ground  of  the  electron 
theory.  We  have  of  course  in  agreement  with  the  second  law  of 
thermodynamics  assumed  that  a,  a  quantity  which  as  we  shall  see 
measures  the  time  of  collision  between  an  electron  and  an  atom,  is 
inversely  proportional  to  the  absolute  temperature  T.     The  two 
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constants  C  and  c  in  Wien's  law  may  be  represented  by  different 
factors  as  shown  by  M.  Planck, 


<5) 

dE, 

=  J^;rA^r**^d«. 

Comparing 

the 

equations  4  and  5  we  find  : 

I) 

h 

2) 

mA  —  T^=  ink , 

0 

A  =1  -  TtmA . 
3 

The  most  characteristic  feature  of  Planck's  theory  is  the  constant  h. 
The  electromagnetic  energy  is  supposed  to  be  divided  up  in  distinct 
units,  each  unit  of  electromagnetic  energy  being  equal  to  kg-.  From 
the  last  equation  we  see  that  h  is  proportional  to  the  mass  m  of  the 
electron. 

A  =  6.55  lO""*^  erg  sec . 

w=  8.4  lO"^  gr. 

A  ^   cm* 

A  =-z —  =  3.64  — . 
§/«;r      ^    ^sec 

We  have  seen  that  by  substituting  the  function 

into  the  general  integral  (3)  we  get  the  law  of  distribution  of  the 
energy  for  visible  light.  What  is  the  acceleration  of  the  electron 
that  satisfies  the  last  equation?  The  answer  to  this  question  is 
given  by  Fourier's  theorem  and  the  second  Eulerian  integral. 


r'i 


COS  gtdf  =  i/Ag^e"  "2  » 


/j  is  the  time  of  disturbance  of  the  mean  free  path  of  the  electron 
because  of  its  collision  with  an  atom.  This  time  is  theoretically 
infinitely  longer  than  a,  so  that  we  may  write  without  appreciable 
error 
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F^  =   {'" f{f)  COS  {gtyt  -  >/Ti^~e-  ^ 

t/+ao 

Fourier's  theorem  gives  : 

/(^)  =  ^   cos(^/y^jr    f[t)  cos  gtdt, 

y(/)  =  -^  J    cos  (^/)^^    2  dg. 
We  can  solve  this  integral  by  adding  the  imaginary  function : 

jg{i)  =  _.^_      y  sin  gtg\    2  ^^;  y  =  ^— j- 

;r   Jo 

Now  the  general  form  of  the  second  Eulerian  integral  or  of  the 
gamma  function  is  equal  to 

r{p)  =  r  xP-^e-'dx 

Jo 

and  one  of  its  fundamental  properties  is  expressed  by  the  equation  : 

where  ^  is  a  constant  with  respect  to  x. 

Comparing  our  integral  ^  with  this  equation  we  find 

/  -  I  =  J  or  /  =  f , 
hence  ^  "=  2  ~^^ ' 


m- 
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In  Legendre's  tables  of  the  /  functions  I  find  for 

log  r(i,5)  =  9»947545» 
^(1.6)  =  0,88623. 
From  the  figure  (i)  we  read : 


-  +y^  =  K^os  (p  +y  sin  if). 


m  =  %^  [cos  H)  +y  sin  (f  ^)] . 


The  two  solutions  are  as  follows  : 


(0  <^W  =  -^'[cos(|^)+ysinf^]. 

(2)  m  =-i^  [COS  {\^  +  n)  +j  sin {\^  +  ;r)] . 

It  follows  that : 


^0  = 


%/^ 


(i,«) 


sin  If 


The  solution 


would  be  represented  by  a  curve  of  the  following  shape  (Fig.  2). 
The  /  axis  is  an  asymptote  of  the  two  branches  of  the  curve. 
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The  time  a  appears  to  be  an  approximate  measure  of  the  time  of 
a  collision,  the  nature  of  which  must  be  of  a  complicated  character 
in  order  to  account  for  the  curve  shown  in  Fig.  2.  At  the  begin- 
ning and  end  of  a  collision  instead  of  an  acceleration  there  appears 
to  be  an  exceedingly  small  retardation  in  the  motion  of  the  electron. 
For  /  =  t?  we  get : 

3  ^ 

ip^o)  cos-<p=  I     r  =  -, 


^(I,6> 


nv^d)' 


Dimension  of  A(/)  =  — j » 

of  ex  =  sec , 

/—       cm       9 
ot  y  A  =  -  --sec 
sec^ 


of^  = 

sec 


in  agreement  with  the  dimension  of  A  determined  above. 


A=- 


^(1.6) '12' 


In  the  electron  theory  of  radiation  A  does  not  appear  to  have 
such  a  simple  physical  significance  as  in  the  theory  of  Planck.  It 
is  evident  however  that  we  do  not  understand  this  quantity  nor  the 
nature  of  the  unit  of  electromagnetic  energy  from  a  pure  physical 
point  of  view.  Planck's  theory  would  indicate  that  an  elementary 
oscillator  does  not  receive  nor  emit  radiant  energy  in  a  continuous 
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way  but  with  interruptions,  unit  after  unit, 

h 

Substituting  for  h  and  k  the  values  given  by  Planck  we  find  for  a 
temperature  7^=  1273, 

a^  6,08  •  io""^'sec. 

The  thickness  of  the  Roentgen  pulse  corresponding  to  this  time 
of  collision  would  be  equal  to : 

^1000=^'^=  18,24- 1  o""*  cm. 

For  a  temperature  7"=  273  or  o®  C,  a  would  be  equal  to  2,83  lO""" 

and  the  thickness  of  the  corresponding  Roentgen  pulse  would  be 

equal  to : 

5^  =  Va-=:=^  8,49  •  lO""*  cm. 

As  the  thickness  of  the  Roentgen  pulse  only  depends  on  the  time 
of  a  collision  between  the  electron  and  an  atom  and  as  this  time  is 
the  same  for  all  bodies  at  the  same  temperature  and  is  inversely 
proportional  to  the  temperature  we  should  expect  that  the  thickness 
of  Roentgen  rays  due  to  the  impact  of  electrons  on  the  anticathode 
in  the  Roentgen  tube  is  independent  of  the  substance  and  tempera- 
ture of  the  metal  struck  by  the  cathode  rays.  The  actual  phe- 
nomena however  will  be  complicated  by  secondary  cathode  rays, 
starting  from  the  anticathode. 
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THE   ELECTRICAL  AND  OPTICAL   PROPERTIES  OF 
METALLIC   SELENIUM. 

By  a.  H,  Pfund. 

IN  an  earlier  paper  *  I  published  the  results  of  some  experiments 
which  were  carried  out  to  determine  the  variations  in  resistance 
of  metallic  selenium  *  with  the  wave-length  of  the  incident  light.  It 
was  found  that  while  the  blue  and  infra-red  regions  of  the  spectrum 
had  but  little  effect,  light  of  wave-length  X  =  700  fi  fi  produced  a 
very  large  change  in  resistance.  In  fact  the  so-called  "  sensibility 
curve  "  showed  an  extremely  pronounced  maximum  at  this  point. 
It  was  then  suggested  that  some  relation  might  exist  between  the 
electrical  and  optical  behavior  of  selenium,  but,  inasmuch  as  no  data 
on  the  optical  properties  were  available,  it  was  impossible  to  draw 
any  conclusions.  In  this  paper  the  absorption  and  reflection 
curves  of  selenium  are  given  and  a  more  exact  determination  of  the 
sensibility  curve  is  presented.  While  the  reflection  and  absorption 
curves  show  no  maxima  in  the  region  of  the  maximum  sensibility,  it 
nevertheless  seems  possible  to  account  for  the  existence  of  this  maxi- 
mum by  taking  into  consideration  the  peculiarities  presented  by  the 
electrical  conduction  in  thin  films.  A  tentative  explanation  is  offered 
to  account  for  the  phenomena  observed  and  experiments  are  pre- 
sented in  support  of  the  explanation. 

Unfortunately  other  work  has  made  it  necessary  that  the  investi- 
gation of  selenium  be  temporarily  discontinued,  and  under  these 
conditions  it  seemed  advisable  to  publish  the  results  thus  far  ob- 
tained. At  the  very  earliest  opportunity,  I  hope  to  return  to  the 
work. 

Selenium   Cells. 

The  process  employed  in  the  making  of  selenium  cells  is,  in  real- 
ity, very  simple.     A  piece  of  plane  glass  i  x  3  X  o.  i  cm.  is  ground 

1  Phil.  Mag.,  7,  p.  26,  1904. 

'  Unless  otherwise  specifically  mentioned,  it  is  understood  that  the  metallic  modifica- 
tion is  being  discussed  whenever  the  term  *'  selenium ''  is  used. 
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with  emery  on  one  side  and  some  highly  purified  amorphous  sele- 
nium is  spread  over  the  ground  surface  by  means  of  a  hot  glass 
rod.  The  thickness  of  layer  is  such  that  in  transmitted  light  the 
film,  in  its  thinner  portions,  appears  deep  ruby  red.  Next,  four 
strands  of  no.  30  bare  copper  wire  are  wound  around  the  cell  in 
such  a  manner  that  the  entire  selenium  suriace  is  covered.  After 
binding  the  loose  ends  of  the  wires  to  the  glass  plate,  the  second 
and  fourth  wires  are  unwound,  thus  leaving  the  first  and  the  third 
separated  by  a  distance  equal  to  the  diameter  of  a  wire.  To  make 
the  cell  light-sensitive,  it  is  placed  in  an  air-bath,  previously  heated 
to  180°  C.  and  is  permitted  to  remain  there  until  the  transformation 
from  amorphous  to  metallic  selenium  has  taken  place  —  an  interval 
of  time  not  exceeding  five  minutes.  Where  this  transformation  is 
complete,  the  cell  is  taken  out  and  is  permitted  to  cool  down  to  room 
temperatures.  Although  this  procedure  this  probably  not  the  one 
yielding  cells  of  the  highest  sensibility,  it  nevertheless  has  proved 
entirely  trustworthy  thus  far,  as  every  cell  has  been  a  success.  The 
resistance  of  these  cells  is  of  the  order  of  2  x  10^  ohms  and  the 
sensibility  is  such  that  a  16  c.p.  incandescent  lamp,  at  a  distance  of 
30  cm.,  increases  the  conductivity  of  the  cell  by  about  ten  times. 
In  order  to  protect  the  cells  from  moisture  (thus  making  them 
permanent),  they  are  either  placed  in  a  glass  tube  which  is  subse- 
quently exhausted  on  a  Geryk  oil  pump  or  are  fastened  to  a  piece 
of  plane  glass  or  mica  with  soft  wax. 

Sensibility  Curve. 
In  order  to  determine  the  variations  of  electrical  resistance  of 
selenium  with  wave-length  of  incident  energy,  the  method  of  pro- 
cedure followed  out  was  practically  the  same  as  that  employed  in 
my  previous  work.*  By  means  of  an  ocular  slit,  a  narrow  region 
of  the  spectrum  was  isolated  and  permitted  to  fall  on  a  selenium 
cell,  whose  change  in  resistance  was  recorded  by  galvanometer  de- 
flections. As  before,  the  energy  carried  by  each  bundle  of  approxi- 
mately homogeneous  radiations  before  being  permitted  to  fall  on 
the  selenium  cell,  was  reduced  to  the  same  value  in  each  case  — 
thus  making  the  results  obtained  independent  of  the  distribution  of 

»Pfund,  1.  c. 
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energy  in  the  spectrum  of  the  source  employed.  Instead  of  re- 
cording, as  previously,  the  throw  at  the  galvanometer  spot  •of  light 
after  an  exposure  of  the  selenium  cell  to  light  for  ten  seconds,  in 
the  present  work  the  maximum  deflection  was  taken,  even  though 
the  time  of  exposure  had  to  be  prolonged  to  two  or  three  minutes 
or  more.     The  arrangement  of  apparatus  is  shown  in  Fig.  i. 


N 


Fig.  1. 


The  light  from  a  Nernst  lamp  at  N,  after  being  concentrated  on 
the  slit  5i  of  the  spectroscope,  was  resolved  into  a  spectrum,  ol 
which  a  narrow  portion  was  transmitted  by  the  slit  S^,  This  isolated 
bundle  of  homogeneous  rays  was  reflected  from  a  short-focus  con- 
cave mirror  at  M  and  was  finally  concentrated  on  the  blackened 
junction  of  a  Boys  radiomicrometer  R,  At  will,  the  selenium  cell 
c  could  be  moved  to  the  position  c^  so  as  to  intercept  the  beam  of 
light.  In  order  to  vary  the  intensity  of  the  light,  a  smoked  glass 
"  optical  wedge  "  was  introduced  at  W,  and  a  screen  for  cutting  off 
the  light  entirely,  at  A,  The  selenium  cell  was  connected  in  series 
with  a  20-volt  storage  battery  B  and  a  dead-beat  D'Arsonval  gal- 
vanometer G,  A  shunt  at  K  made  it  possible  to  vary  the  galva- 
nometer sensibility  from  3  x  io~*  amperes,  down.  As  previously 
stated,  the  energy  of  each  bundle  of  homogeneous  radiations,  be- 
fore being  permitted  to  fall  on  the  cell,  was,  in  each  case,  reduced 
to  such  an  amount  that  it  produced  a  radiomicrometer  deflection  of 
30  mm.  The  selenium  cell  was  then  exposed  until  a  maximum  gal- 
vanometer deflection  was  reached.  The  results  obtained  are  given 
in  the  table  below  (Table  I.)  and  are  plotted  in  Fig.  2. 
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Table  I. 

A  in  yuL. 

Qalv.  Defl. 

A  in  inL. 

Qalv.  Defl. 

435 

25  mm. 

683 

106  mm. 

454 

24 

692 

115 

463 

22 

700 

120 

482 

21 

711 

116 

511 

21 

722 

108 

535 

23 

745 

83 

570 

24 

787 

25 

597 

25 

842 

9 

630 

28 

950 

2 

655 

50 

1005 

1 

667 

80 

675 

96                 1 

Reflection  Curve. 
The  mirror  of  metallic  selenium  was  made  by  pressing  a  hot  glass 
plate  into  contact  with  a  pool  of  molten  selenium  which  was  then 
transformed  into  the  metallic  state.  After  many  unsuccessful  at- 
tempts it  was  found  that  the  selenium  layer  had  to  be  at  least  2  mm. 
thick  in  order  to  avoid  the  deformations  of  the  reflecting  surface  which 
otherwise  appear  when  a  thinner  layer  is  transformed  into  the  metal- 
lic state.  If  the  process  of  transformation  has  been  successful,  it  is 
found  that  the  selenium  mirror  has  let  go  entirely  of  the  glass  and 
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has  an  excellent,  "  plum-colored  '*  optical  surface.  The  mirror  ac- 
tually used  had  atn  area  8x12  mm.  —  and  an  optical  surface  which 
left  little  to  be  desired. 

Measurements  of  the  reflecting  power  were  obtained  by  determin- 
ing the  ratio  of  the  radiomicrometer  deflections  when  light  was  re- 
flected from  the  selenium  mirror,  and  then,  from  a  silver  mirror  — 
the  angle  of  incidence  in  both  cases  being  5°.  Knowing  the  reflect- 
ing power  of  silver,^  the  true  reflecting  power  of  selenium  is  obtained 
at  once.  The  method  of  mounting  the  mirrors  and  the  general 
details  of  the  procedure  were  identical  with  those  described  in  an 
earlier  paper^  and,  therefore,  need  not  be  repeated,  here.  The  results 
obtained  are  given  in  Table  II.,  and  are  plotted  in  Fig.  3. 
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Fig.  3.   Wave-length. 

Absorption  Curve. 
Films  of  amorphous  selenium,  which  appeared  red  by  trans- 
mitted light,  became  absolutely  opaque  upon  being  transformed  into 
the  metallic  state.  The  only  procedure  which  seemed  available  for 
making  thin  films  of  metallic  selenium  was  the  one  by  which  the 
selenium  is  deposited  by  cathode  discharge.  In  order  to  produce 
such  films  the  usual  type  of  vacuum  chamber  was  used  —  the  glass 
plate  upon  which  the  selenium  was  to  be  deposited  being  placed 

1  Hagen  and  Rubens,  Annalen  d.  Physik,  8,  p.  I,  1902. 
*Pfund,  Ap.  Jour.,  XXIV.,  i,  p.  19,  1906. 
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A  in  iLiL. 

Deflections  in  mm. 

Percentage  Reflecting  Power. 

8el. 
28.2 

Ag. 

Uncorrected.      |        Corrected. 

463 

95.0 

29.7            '             27.0 

511 

35.7 

125.0 

28.6 

26.3 

535 

45.7 

156.0 

29.3 

27.0 

570 

34.3 

115.7 

29.6 

27.2 

597 

38.8 

125.0 

31.0 

28.7 

630 

34.8 

115.5 

30.2 

28.1 

667 

35.7 

123.0 

29.1 

27.3 

700 

38.2 

137.0 

27.8                      26.1 

765 

37.7 

141.5 

26.7                      25.2 

842 

39.1 

155.2 

25.3                      23.8 

905 

37.0 

149.0 

24.8                      23.7 

1005 

38.0 

155.0 

24.5           i           23.5 

2. 5  cm.  below  the  upper  (aluminium)  electrode  which  had  previously 
been  covered  with  metallic  selenium.  Heretofore  it  has  been  cus- 
tomary to  employ  the  current  from  the  secondary  of  an  induction 
coil,  or  from  a  high  potential  storage  battery.  It  seemed  to  me 
that,  since  the  base  of  the  vacuum  chamber  was  an  aluminium  plate 
(which  served  as  the  other  electrode)  and  since  aluminium  is  not 
deposited,  it  might  be  possible  to  use  a  high  potential  alternating 
current  to  produce  the  deposit  of  selenium.  Consequently,  the 
current  supplied  by  the  secondary  of  a  small  transformer  was  used. 
By  connecting  the  secondary  which  gave  1,000  volts,  to  the  dis- 
charge vessel  It  was  found  that  a  heavy  deposit  of  selenium  was 
produced  in  two  minutes.  Unfortunately,  the  film  was  granular  and 
hence  unsuitable  ;  however,  hard,  continuous  films  were  obtained 
by  introducing  resistance  into  the  primary  circuit  and  thus  cutting 
down  the  secondary  current  until  the  time  of  deposit  was  increased 
to  about  four  hours.  Curiously  enough,  while  the  selenium  on  the 
electrode  was  in  the  metallic  state,  the  selenium  deposited  on  the 
glass  plate  was  in  the  amorphous  state. 

A  great  source  of  difficulty  was  encountered  when  it  was 
attempted  to  transform  the  film  into  the  metallic  state.  In  spite  of 
every  precaution,  the  selenium,  upon  being  heated,  would  persist  in 
drawing  itself  up  into  small  globular  masses  —  thus  making  the 
film  discontinuous.     Although  the  proper  conditions  for  producing 
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metallic  films  have  not  as  yet  been  found,  I  did  succeed,  by  pure 
chance,  in  obtaining  a  film  which  was  in  every  way  satisfactory. 
This  film,  which  had  the  dimensions  ,gx  i.2X4.5io~*  cm. 
appeared  grayish  brown  in  transmitted,  and  plum-colored  in 
reflected  light. 

Ordinarily,  when  absorption  measurements  are  carried  out  on 
thin  films,  it  is  customary  to  employ  two  films  of  different  thickness 
so  as  to  eliminate  all  other  effects  except  those  occasioned  by  the 
change  in  absorption  of  a  film  having  a  thickness  equal  to  the 
difference  in  thickness  of  the  two  films  in  question.  Inasmuch  as 
but  one  film  was  available,  it  was  necessary  to  make  observations 
on,  and  later,  corrections  for  the  various  losses  by  reflection.  (The 
losses  due  to  absorption  in  the  glass  plate  were  found  to  be  negli- 
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gible.)  Furthermore,  in  the  determination  of  film  thickness  by 
means  of  interference  fringes,  the  effects  of  phase  change  are  simi- 
larly eliminated  by  employing  two  films  of  different  thickness. 
Since  but  one  film  was  at  hand,  the  measurements  here  given  are, 
necessarily,  not  as  exact  as  those  which  could  be  obtained  from 
two  films.  As  soon  as  I  shall  have  succeeded  in  obtaining  the 
desired  films,  I  hope  to  repeat  this  work.  For  the  present,  how- 
ever, the  results  are  sufficiently  accurate  to  make  it  permissible  to 
draw  conclusions  from  them. 
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The  observations  on  absorbing  power  were  obtained  in  the  usual 
manner  by  the  use  of  the  spectrometer  and  radiomicrometer.  As 
previously  stated,  the  film  thickness  was  found  equal  to  one  tenth 
of  the  wave-length  of  blue  light,  u  e.,  4.5  X  lo"*  cm.  The  results 
are  plotted  in  Fig.  4,  where  the  terms  "  Percentage  Absorption  " 
are  defined  by  the  expression 

T 


I  — 


/(!-/?)• 


where  /  is  the  intensity  of  the  incident  light,  T  the  intensity  of  the 
transmitted  light,  and  R  the  percentage  reflection  of  the  system. 

Discussion  of  Results. 
For  the  ease  of  discussion,  the  reflection,  absorbtion,  and  sensibility 
curves  are  plotted  together  in  Fig.  5.     From  these  curves  it  is  evi- 


st> 


dent  that  no  marked  maxima  or  minima  of  absorption  or  reflection 
occur  near  700  ////.  As  the  optical  properties  by  themselves  fail 
to  account  for  the  sensibility  maximum,  I  have  been  led  to  take 
into  account  another  effect  which  thus  far,  I  think,  has  not  been 
connected  with  this  problem. 

At  the  present  time  it  is  quite  generally  acknowledged  that  the 
conduction  in  selenium  is  electronic  and  not  electrolytic  in  character. 


Digitized  by 


Google 


332  A.  H,  PFUND.  [Vol.  XX VII I. 

Selenium  cells  which  I  had  made  several  years  ago  (and  which  had 
been  preserved  in  an  evacuated  bulb)  failed  to  show  the  least  traces 
of  polarization,  after  having  been  connected  for  several  hours  with  a 
I  lo-volt  direct  current  dynamo.  Again,  cells  were  made  from  highly 
purified  selenium,  which,  in  one  instance,  was  deposited  on  glass  by 
distillation  in  vacuo,  and  in  the  other  by  cathode  discharge.  Both 
cells  conducted  and  showed  sensibility.  Although  by  no  means  defi- 
nitely proved,  it  seems  very  probable  that  the  changes  in  resistance 
upon  exposure  to  light  are  due  to  the  selenium  itself  and  not  to 
selenides,  which  are  present  as  impurities.  This  view  is  supported 
by  my  earlier  experiments,  which  showed  that  the  position  of  max- 
imum sensibility  is  uninfluenced  by  the  chemical  nature  of  the  sel- 
enide  which  had  been  mixed  with  the  selenium.  For  the  present, 
then,  it  will  be  considered  that  the  conduction  is  electronic,  —  the 
selenium  itself  supplying  the  electrons. 

Upon  this  view  it  is  considered  that  light,  in  falling  upon  selenium 
and  in  being  absorbed,  sets  up  resonance  within  the  atom,  and  this, 
in  turn,  gives  rise  to  an  expulsion  of  electrons,  —  thus  increasing  the 
number  of  electrons  available  for  carrying  the  current,  and  hence, 
increasing  the  conductivity.*  Inasmuch  as  absorption  and  reso- 
nance go  together,  it  might  be  expected,  in  passing  through  the 
spectrum  from  the  infra-red  toward  the  shorter  wave-lengths,  that, 
as  the  absorption  continuously  increases,  the  conductivity  would 
also  continuously  increase,  yielding  the  largest  values  in  the  blue 
where  the  absorption  is  the  greatest.'  This  deduction  is  not  veri- 
fied by  experiment,  and  it  is  at  this  point  that  the  new  element,  pre- 
viously alluded  to,  enters  into  the  problem. 

Longden,*  Vincent*  and  Patterson*  have  shown  that  the 
specific  resistance  of  metallic  films  remains  constant  until  a  thick- 
ness of  about  5  X  io~*  cm.  is  reached,  after  which  the  specific  re- 
sistance increases  very  rapidly  with  a  decrease  in  thickness.     J.  J. 

^  It  is  held  the  change  in  conductivity  is  the  internal  manifestation  on  an  effect  whose 
external  manifestation  is  known  as  the  *'  photo-electric  effect.'* 

'  Since  the  reflecting  power  does  not  suffer  marked  changes,  it  is  not  necessary  to  take 
into  consideration  the  variations  in  the  amounts  of  energy  which  actually  penetrate  into 
the  selenium. 

'Phvs.  Rev.,  Vol.  XL,  p.  40,  1900. 

♦  Annales  de  Ch.  et  Physique,  7,  XIX.,  p.  421,  1900. 

*Phil.  Mag.,  56,  p.  652,  1902. 
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Thomson  then  showed  that  this  rapid  increase  in  resistance  could 
be  accounted  for  on  the  assumption  that  the  change  sets  in  when 
the  thickness  of  film  becomes  less  than  the  mean  free  path  of  the 
conducting  electrons  within  the  metal.  The  curve  for  silver,  as  ob- 
tained by  Patterson,  is  given  below  in  Fig.  6.  Attention  is  to  be 
called  to  the  fact  that  the 
results  of  the  various 
observers  are  not  en- 
tirely in  accord  as  to  the 
"critical"  thickness  at 
which  the  change  of  re- 
sistance sets  in.  Again, 
the  results  are  not  the 
same  for  different  metals 
or  even  for  the  same 
metal  (at  least  as  inferred  S*  ^^ 
from  the  variations  in 
specific  resistance)  when 
the  films  are  produced 
by  different  methods. 
All  of  these  points  taken 
into  consideration  make 
it  safe,  I  think,  to  place 
the  critical  thickness  at  a 
value  which  is  of  the 
order   of  magnitude    of 
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These  results  appear  to  apply  directly  to  the  conduction  in  a 
selenium  cell.  The  absorption  curve  shows  that  the  incident  energy 
is  largely  absorbed  in  a  film  whose  thickness  is  of  the  order  of 
magnitude  of  the  "critical"  thickness.  Furthermore,  since  the 
conductivity  of  a  cell  may  easily  be  increased  ten  times  or  more  by 
illumination  and  since  the  thickness  of  surface  film  carrying  this 
increased  current  is  infinitesimal  in  comparison  to  the  thickness  of 
the  selenium  layer  (which  in  this  case  was  about  0.0 1  mm.),  it  is 
evident  that  the  conductivity  of  the  surface  film  must  be  compara- 
tively high.     This  state  of  affairs  is,  then,  considered  comparable 
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with  that  of  a  thin  metallic  film  deposited  on  glass.  Now  then, 
beginning  in  the  infra-red,  where  the  depth  of  penetration  of  radia- 
tion is  greater  than  the  "  critical  "  thickness,  it  is  observed  (Fig.  5) 
that  the  conductivity  increases  rapidly  with  increased  absorption. 
However,  in  passing  through  the  region  of  ?.  =  700 /x/x  where  the 
absorption  increases  very  rapidly,  the  depth  of  penetration,  and 
hence,  the  thickness  of  current-carrying  layer  becomes  equal  to, 
and  then,  less  than  the  critical  thickness.  It  is  in  this  region  that 
the  enormous  decrease  in  conductivity  with  thickness  makes  itself 
felt  and  not  only  neutralizes  the  effects  due  to  absorption,  but 
actually  causes  a  sharp  drop  in  conductivity. 

In  using  the  terms  '*  depth  of  penetration  *'  it  is  tacitly  assumed 
that  the  light  is  effective  in  producing  changes  in  resistance  only 
until  the  amplitude  has  died  down  to  a  certain  minimum  value, 
below  which  its  effectiveness  is  lost.  This  fits  in  with  the  resonance 
theory,  for  the  increased  amplitude  due  to  resonance  must  exceed  a 
definite  minimum  value  before  electrons  are  expelled  from  the  atom. 

It  follows  as  a  necessary  consequence  of  this  explanation,  that,  if 
the  wave-length  at  which  the  maximum  of  sensibility  occurs,  de- 
pends upon  the  depth  of  penetration  of  light,  then,  as  the  intensity 
of  the  light  (and  hence,  its  penetration)  is  changed,  the  position  of 
the  maximum  ought  to  shift  —  the  shift  being  toward  the  shorter 
wave-lengths  with  increasing  intensity.  The  experiment  devised  to 
test  this  consequence  was  carried  out  as  follows  :  A  single  reflecting 
surface  of  plane  glass,  mounted  behind  the  ocular  slit  of  the  spec- 
trometer projected  upon  the  selenium  cell  a  bundle  of  monochromatic 
radiations  whose  intensity  was  but  5  per  cent,  of  that  incident  upon 
the  glass  reflecting  surface.  (Any  scheme  involving  the  use  of  a 
rotating  sector,  or  of  varying  the  position  of  the  cell  in  the  diverg- 
ing beam  of  light  would  have  been  objectionable  for  obvious 
reasons).  Without  reducing  the  intensities  of  the  various  beams  of 
monochromatic  light  to  the  same  values,  as  before,  galvanometer 
deflections,  proportional  to  changes  in  resistance,  for  various  wave- 
lengths in  the  region  of  maximum  sensibility,  were  obtained.  Next, 
the  glass  mirror  was  removed  and  the  selenium  cell  was  placed  in 
the  direct  path  of  the  beam  emergent  from  the  spectrometer  and  a 
series  of  readings  similar  to  the  preceding  ones  was  obtained.     Care 
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was  taken  to  see  that  such  elements  as  the  current  passing  through 
the  cell,  order  of  magnitude  of  galvanometer  deflections,  etc.,  were 
the  same  in  both  cases  —  thus  leaving  the  single  point  of  difference 
that  in  one  case  the  intensity  of  the  energ^y  falling  on  the  cell  was 
but  one  twentieth  of  the  other.  The  results  obtained  are  plotted  in 
Fig.  7  where  the  solid  curve  (a)  corresponds  to  the  changes  in  re- 
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sistance  for  the  intense  light,  and  the  dotted  curve  {b\  for  the  weak 
light.  It  is  at  once  apparent  that  by  increasing  the  intensity  of 
light,  the  position  of  the  maximum  in  curve  {a)  has  been  shifted 
toward  shorter  wave-lengths.  This  observation  is  entirely  in  accord 
with  previous  deductions. 

In  cari;ying  out  these  measurements  it  was  noted  that  a  marked 
difference  existed  in  the  time  required  by  the  resistance  of  the  cell 
to  reach  an  equilibrium  condition  when  the  intensity  of  light  was 
varied.  The  time  required  by  the  intense  light  was  certainly  not 
greater  than  1 5  seconds  (time  required  by  galvanometer  to  reach 
steady  deflection),  while,  for  the  weak  light,  the  time  had  to  be  pro- 
longed to  about  3  minutes.     Again,  the  necessary  time  of  exposure 
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was  less  for  the  wave-lengths  lying  on  the  blue  side  of  the  maxi- 
mum, than  for  those  lying  on  the  red  side.  These  observations 
seem  suggestive  when  it  is  recalled  that  Lenard  *  and  others  *  found 
similar  results  in  their  study  of  the  photo-electric  effect  when  in- 
tense and  weak  sources  of  light  were  used.  It  is  my  intention  to 
study,  in  the  near  future,  the  photo-electric  behavior  of  selenium  for 
different  wave-lengths.  On  the  basis  of  the  theory  proposed  to  ac- 
count for  the  behavior  of  the  selenium  cell  one  might  expect  that 
the  maximum  of  photo-electric  action  would  not  lie  in  the  red  but 
rather  in  the  violet,  where  the  absorption  is  great. 

There  is  yet  another  experiment  to  test  the  correctness  of  the 
previously  mentioned  explanation.  If  it  were  possible  to  make  a 
cell  so  thin  as  to  be  transparent  to  light,  then  the  thickness  of  layer 
would  be  less  than  the  '*  critical "  thickness  —  and  hence  the  maxi- 
mum of  sensibility  in  the  red  might  be  expected  to  be  absent.  An 
attempt  was  made  to  transform  the  transparent  film,  used  in  the  ab- 
sorption measurements,  into  a  cell,  but,  due  to  poor  electrical  con- 
tacts and  the  high  resistance  of  the  film,  not  enough  current  could 
be  forced  through  the  system  to  make  the  experiment  successful. 
It  was  felt  that  some  time  would  elapse  before  satisfactory  thin-film 
cells  could  be  made,  hence  it  was  decided,  in  view  of  other  pressing 
work,  to  discontinue  the  investigation  for  the  time  being. 

Summary. 
The  results  presented  may  be  briefly  summarized  as  follows : 

1.  The  conductivity  or  "sensibility**  curve  of  metallic  selenium 
has  been  redetermined. 

2.  The  absorption  and  reflection  curves  have  been  determined  in 
the  interval  extending  from  about  450;/yu  to  i,ooo/x//. 

3.  An  explanation,  involving  the  peculiarities  presented  by  con- 
duction in  thin  films,  has  been  offered  to  account  for  the  existence 
of  the  maximum  of  sensibility. 

4.  It  was  found  that  the  position  of  maximum  sensibility  shifts 
toward  the  shorter  wave-lengths  as  the  intensity  of  light  is  increased. 
This  experiment  is  exactly  in  accord  with  the  theory  proposed. 

Johns  Hopkins  University, 
March,  1909. 

*  Lenard,  Ann.  d.  Phys.,  II.,  p.  355,  1900. 
«Millikan  &  Winchester,  Phil.  Mag.,  14,  p.  188,  1907. 
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THE  NUMBER  OF  FREfe  CORPUSCLES  PER  UNIT  VOL- 
UME OF  THE  METALS  GOLD,  PLATINUM 
AND   SILVER. 

By  B.  J.  Spence. 

SEVERAL  writers  have  attempted  to  establish  the  upper  and 
lower  limits  to  the  number  of  free  corpuscles  per  unit  volume 
of  the  metals,  but  conflicting  results  appear,  depending  upon  the 
manner  in  which  the  values  have  been  obtained. 

In  his  recent  book  on  "The  Corpuscular  Theory  of  Matter"  J. 
J.  Thomson  describes  several  methods  by  which  the  limits  to  the 
number  of  free  corpuscles  have  been  obtained.  One  method  de- 
scribed by  him  has  led  to  negative  results  owing  to  experimental 
difficulties.  Another  method  has  led  to  a  lower  limit.  It  is  based 
upon  the  work  of  Rubens  *  and  Hagen  dealing  with  the  reflection 
of  the  longer  heat  rays  from  the  surface  of  the  metals.  These 
writers  show  that  the  conductivity  of  the  various  metals  for  periodic 
disturbances  corresponding  to  a  wave  length  A  =  250  x  io~*  cm. 
is  practically  that  observed  in  the  case  of  steady  currents.  These 
results  in  conjunction  with  an  expression  deduced  by  Thomson,  has 
led  Thomson  to  assign  a  value  of  1.8  x  10**  as  the  number  of  free 
corpuscles  per  unit  volume  for  silver. 

This  result  however  leads  to  a  difficulty.  By  a  consideration  of 
the  kinetic  theory  of  gases  Thomson  shows  that  if  this  result  be 
correct,  then  the  energy  necessary  to  raise  the  temperature  of  one 
cubic  centimeter  would  be  greater  than  2.7  x  10®  ergs  or  about  6 
gram  calories.  But  it  is  known  that  the  energy  necessary  to  raise 
the  temperature  i  °  C.  of  atoms  as  well  as  corpuscles  is  only  .6 
gram  calorie. 

Another  method  involving  the  time  of  duration  of  free  path  of 
the  corpuscle  is  due  to  Bloch,*who  has  taken  the  above-mentioned 
expression  of  Thomson,  and  so  combined  it  with  the  Maxwell  equa- 

»Phn.  Mag.,  7.  157,  1904. 

'Comptes  Rendus,  CXLV.,  1907,  p.  754. 
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tion  n^x  =  a^x,  where  n  is  the  refractive  index  of  the  metal,  tl  its  ex- 
tinction coefficient,  a^  the  conductivity  for  steady  currents,  and  r  the 
period,  that  he  is  able  to  obtain  a  value  of  the  number  of  free  cor- 
puscles per  unit  volume,  and  also  a  value  of  the  time  of  duration 
of  free  path.  The  values  of  N,  at  which  he  arrives,  are  of  the  order 
of  lo**  per  cubic  centimeter  for  a  number  of  the  metals,  and  the  values 
of  the  time  of  duration  of  free  path  are  of  the  order  of  lO""**  sec. 

These  results  do  not  agree  with  those  obtained  by  Schuster,*  who 
found  that  the  number  of  corpuscles  must  be  of  the  order  of  mag- 
nitudes of  the  number  of  atoms  per  unit  volume,  which  is  about 
lO**.  Schuster's  analysis  is  based  upon  the  optical  properties  of 
the  metals  and  does  not  involve  the  time  of  duration  of  free  path 
explicitly.  His  derivation  leads  simply  to  the  ratio  of  the  number 
of  atoms  to  the  number  of  corpuscles  per  unit  volume,  and  is 
based  upon  underlying  principles  similar  to  those  of  Drude,'  upon 
which  the  method  of  this  paper  is  based.  We  will  give  Drude's 
analysis  somewhat  in  detail. 

Drude  assumed  that  in  the  metals  there  are  two  kinds  of  cor- 
puscles, the  vibrating  and  the  conducting  corpuscles.  The  equation 
of  motion  for  the  vibrating  or  bound  corpuscle  is  given  by 

The  first  term  on  the  right-hand  side  represents  the  total  impressed 
force,  the  second  term  is  the  elastic  force  called  into  play  to  bring 
the  corpuscle  back  to  its  original  position,  and  the  third  term  is  a 
frictional  force  which  opposes  the  motion  of  the  corpuscle. 

The  equation  of  motion  of  the  conducting  corpuscle  is  like  the 
equation  of  the  vibrating  corpuscle,  except  that  for  the  conducting 
corpuscle  the  term  containing  the  elastic  force  vanishes,  and  the 
equation  then  is 

Drude  next  finds  an  expression  for  the  current  density  due  to  the 

presence  of  both  kinds  of  corpuscles.     It  consists  of  four  terms,  the 

iPhil.  Mag.,  7,  151,  1904. 
*  Drude's  Ann.,  14,  936,  1904. 
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first  representing  the  displacement  current  in  the  aether,  the  second 
and  third  representing  the  current  produced  by  positive  and  nega- 
tive corpuscles  respectively,  and  the  fourth,  the  current  due  to  the 
conducting  corpuscles. 

The  complete  expression  for  the  x  component  of  the  total  cur- 
rent density  is  then 

•     -^^ = i  §  +  :^  (''^«''> + '='^^>«) + ^•-  (3) 

By  the  use  of  equations  (i),  (2)  and  (3),  and  the  fundamental  con- 
ditions implied  by  the  Maxwell  equations,  Drude  arrives  at  a  com- 
plete theory  of  dispersion,  based  solely  upon  the  above  underlying 
assumptions. 

Without  going  into  further  detail  we  may  write  the  final  equation 
obtained  by  Drude,  for  the  current  density  along  the  x  axis,  which 
he  obtained  by  regarding  the  impressed  force,  and  likewise  the  dis- 
placement x^  as  periodic. 

(4) 


J  _\  dX 

[.  +  I           /A            ,,  ^v   ^TN,  1 

'       43T  dt 

f-jC/j         /«j(/,             .          m 

L            ^^  A^T     4T^7*         "'*     ^t\ 

where  2"=  27r/r,  r  being  the  period. 

By  a  consideration  of  the  Maxwell  equation  we  may  at  once 
write  the  expression  for  the  complex  dielectric  constant  of  the 
medium  under  consideration. 

e  =  I  +  2 A> +  I  J^ L,  (5) 

where  e  may  also  be  written  in  terms  of  refractive  index  and  absorp- 
tion coefficient,  as 

If  we  separate  real  and  imaginary  quantities  and  simplify,  we 
obtain  Drude's  final  equations 

na^I ""^^^^  , ,    ,  (6) 
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<-■--:?) 


where  r  is  the  velocity  of  hght  in  vacuo,  /,  the  wave-length  corre- 
sponding to  the  free  period  of  the  vibrating  corpuscle,  and  /  the 
wave-length  for  which  the  values  of  n  and  a  are  known. 

Our  present  knowledge  of  the  optical  properties  of  the  metals 
platinum,  silver  and  gold,  lead  us  to  the  conclusion  that  they  con- 
tain at  least  one  kind  of  vibrating  corpuscle,  which  is  indicated  by 
the  consideration  of  the  reflection  coefficients  obtained  for  the  visible 
Sf>ectrum  by  Rubens  *  and  Hagen.  An  indication  of  the  existence 
of  such  a  corpuscle  comes  ako  from  the  consideration  of  the  values 
of  the  refractive  indices  of  these  metals  obtained  by  the  writer.*  No 
indication  of  the  existence  of  other  kinds  of  vibrating  corpuscles 
has  been  obtained  for  these  metals,  for  their  reflection  coefficients 
seem  perfectly  regular  even  to  very  great  wave-lengths. 

If  then  in  the  further  application  of  Drude's  equations  we  are 
dealing  with  wave-lengths  which  are  removed  from  the  wave-length 
which  corresponds  to  the  vibrating  corpuscle,  the  contribution  to 
equation  (7),  due  to  the  influence  of  the  vibrating  corpuscle  will  be 
small,  compared  with  the  second  term,  which  is  the  contribution 
due  to  the  conducting  corpuscle.  We  may  thus  neglect  the  term 
expressing  the  contribution  due  to  the  vibrating  corpuscle,  and  we 
then  obtain  two  equations  containing  two  unknown  quantities,  N 
and  r^.     The  equations  are 

na  = —-^ri-^  (8) 


(,      4.T//rrv 


^2  _  «2  +    I   = ^-^.  (9) 


c\r^ 


e'A' 


The  effect  of  neglecting  the  term  expressing  the  influence  of  the 
vibrating  corpuscle  will  be   noticed  in  the  applications  of  these 

»Phil.  Mag.,  7,  157,  1904. 
'Phys.  Rev.,  28,  April,  1909. 
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equations  as  we  near  the  absorption  bands  in  the  visible  spectrum,  but 
since  the  results  which  follow  begin  at  a  wave-length  6  x  lO"*  cm. 
the  effect  of  dropping  the  term  must  necessarily  be  small. 

It  now  remains  to  solve  equations  (8)  and  (9)  for  rj^,  where  rj^  is 
defined  by  a^  =  A^/r^.  in  which  a^  is  the  conductivity  of  the  metals 
for  a  frequency  corresponding  to  the  wave-length  X,  and  also  to 
solve  for  the  quantity  N^,  which  expresses  the  number  of  free  cor- 
puscles per  unit  volume. 

If  we  divide  equation  (8)  by  equation  (9),  and  simplify  we  obtain  a 
value  of  r^^,  which  is  given  by  the  following  equation 

If  now  we  substitute  this  value  of  r^^  in  equation  (8),  we  obtain  an 
expression  for  N  which  is 

=.55  X  io'v-««+ i)[^[f{))v +y)-  (") 

The  numerical  values  of  the  constant  multipliers  in  (10)  and  (ii) 
were  obtained  by  substituting  the  known  values  of  ^  =  3  x  lO"*** 
C.G.S.  electrostatic  units,  w=.5  5xiO""^  gm.,  and  ^=3x10 
cm. /sec.  We  thus  arrive  at  two  equations,  one  determining  r^  as 
a  function  of  the  wave-length,  and  the  other  giving  the  values  for 
the  number  of  free  corpuscles  per  unit  volume  in  the  metals. 

Results. 

If  in  equation  (10)  we  substitute  values  for  a  and  «,  we  should 
obtain  a  value  of  r^  for  any  given  wave-length  for  which  a  and  n 
are  known.  From  the  work  of  Rubens*  and  Hagen  we  may  ob- 
tain the  values  of  a,  the  absorption  coefficient,  and  from  the  work 
of  the  writer,*  we  may  obtain  the  values  of  the  refractive  in- 
dices for  the  metals,  gold,  platinum  and  silver  to  a  wave-length 
17  X  io~*  cm. 

The  values  of  r^  are  given  in  Tables  I.,  II.  and  III.  for  these 
metals,  and  likewise  the  values  of /(^).     Having  thus  found  the 

'  Loc.  cit. 
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values  of /(^)  for  the  various  wave-lengths,  we  may  proceed  to  solve 
for  values  of  N,  The  values  of  -A^are  given  in  column  10,  of  each 
of  the  above  tables,  for  the  three  metals  above  mentioned. 

The  values  of  N  for  silver  show  no  constant  variation  within  the 
range  of  wave-lengths  from  6  x  lO"*  cm.  to  15  x  io~*  cm.  and 
judging  from  the  values  contained  in  column  10,  we  should  be  justi- 
fied in  taking  the  average  of  the  values  contained  therein,  which  is 
^1  =  -37  X  lo**. 

Thus  it  seems  that  the  effect  of  dropping  the  term  in  the  develop- 
ment of  Drude's  theory,  which  expresses  the  effect  of  the  vibrating 
corpuscles,  has  had  little  influence  in  the  values  of  N  over  the  range 
of  wave-lengths  considered. 

If  it  had  any  effect  we  should  expect  the  values  of  N  to  appear 
as  a  function  of  the  wave-length,  the  number  N  decreasing  as  we 
approach  the  wave-length  corresponding  to  the  free  period  of  the 
vibrating  corpuscle.  This  free  period,  which  makes  its  presence 
known  by  a  heavy  absorption  band,  lies  well  in  towavd  the  blue  of 
the  visible  spectrum,  and  hence  may  be  regarded  as  remote  from 
the  regions  for  which  the  values  of  N  have  been  obtained. 

If  we  now  turn  our  attention  to  the  table  containing  the  results 
for  gold,  we  find  that  the  value  of  N  appears  as  a  function  of  the 
wave-length  up  to  a  certain  value,  namely,  a  wave-length  10  x  lO"* 
cm.,  where  the  number  jV  is  .31  x  lo**.  From  the  wave-length 
10  X  io~*  cm.  to  18  X  lO"^  cm.  the  number  N  does  not  appear  to 
be  a  function  of  the  wave-length  and  as  in  the  case  of  silver  we  are 
justified  in  taking  the  average  of  the  values  of  N\Xi  the  interval 
10  X  io~*  cm.  and  18  x  lO"*^  cm.  Thus  giving  a  value  for  -A^ equal 
to  .33  X  10". 

We  here  see  the  effect  of  neglecting  the  term  which  expresses 
the  influence  of  the  vibrating  corpuscle,  for  as  we  approach  the 
wave-length  which  corresponds  to  the  free  period  of  the  vibrating 
corpuscle,  the  number  N  diminishes.  The  absorption  band  which 
corresponds  to  the  free  period  of  the  vibrating  corpuscle  does  not 
lie  as  far  in  the  blue  region  of  the  visible  spectrum  as  does  the 
absorption  band  corresponding  to  that  of  the  silver  corpuscle,  and 
we  should  expect  a  slight  variation  of  N  for  diminishing  wave- 
lengths in  the  neighborhood  of  the  absorption  band  of  gold. 
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For  the  case  of  platinum  we  have  a  very  irregular  series  of  values. 
In  Table  III.  the  values  of  iV^at  a  wave-length  5.89  x  lO"*  cm.  is 
.92  X  10**,  it  rises  to  a  maximum  of  4.4  x  10^  at  a  wave-length 
10  X  lO"*  cm.  and  then  decreases  to  a  value  .82  x  10^  at  a  wave- 
length 17  X  lO"*  cm.  The  most  immediate  explanation  for  these 
irregularities  in  the  values  of  N  is  that  there  may  have  been  con- 
siderable experimental  error  in  the  determination  of  n  and  a,  upon 
which  the  value  of  N  chiefly  depends  ;  and  yet  it  may  be  that  the 
absorption  band  which  occurs  in  the  visible  spectrum  was  great 
enough  to  cause  the  irregular  behavior  shown  by  the  results.  If 
values  of  «  are  known  for  longer  wave-lengths,  the  value  of  iVfor 
these  wave-lengths  would  in  all  probability  become  a  constant  as  in 
the  case  of  silver  and  gold. 

Having  obtained  values  of  iVand  r  (as  a  function  of  ^),  it  is,  of 
course,  possible  to  calculate  a^  as  a  function  of  the  wave-length,  by 
means  of  the  relation 

N 
a  =  — 

The  values  of  r^^  and  N  are  known  from  the  tables,  and  the  last 
column  in  each  table  reports  the  corresponding  values  of  a^.  In 
the  case  of  platinum  the  value  .81  x  lo**  has  been  assigned  to  N, 
as  it  appears  for  the  wave-length  17  x  lO"*  cm.  This  value  is  in 
all  probability  too  high,  for  the  values  of  N  had  not  reached  a  con- 
stant value  at  that  wave-length,  and  at  some  longer  wave-length  N 
would  have  been  a  constant,  and  less  than  .81  x  10**. 

The  above  relation  applied  to  silver  gives  a  value  of  1 1.4  x  10** 
C.G.S.  electrostatic  units  for  ^  at  a  wave-length  6  X  io~*  cm. 
while  for  a  wave-length  of  15  x  io~*  cm.  the  value  is  41.2  x  10^* 
C.G.S.  units  where  the  value  of  iVin  each  case  is  taken  as  the 
previously  mentioned  average. 

A  means  of  obtaining  a  value  for  a^  from  the  values  of  /(A) 
given  in  column  8,  of  the  table  for  silver  is  as  follows.  Plotting 
the  values  of /(^)  and  k,  we  obtain  a  curve  the  equation  of  which 
is  of  the  general  type 

The  constants  are  readily  determined  to  be  the  following :  -^4  =  265.3^ 
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B  =  128.5,  ^=  343-3»  regarding  the  unit  of  wave-length  as  ic^cm. 
The  value  of  PfQ)  for  X^  is  readily  found  and  when  substituted  in  the 
equation  a^  =  Njr^^  gives  for  ^^  the  value  61  x  10",  as  compared 
with  the  observed  value  ol  60.9  x  10^^;  while  the  agreement  is  a 
remarkable  one,  it  only  serves  to  show  that  the  value  of  N  obtained 
for  silver  has  some  claim  to  correctness.  This  method  of  extra- 
polation is  open  to  objections  as  all  such  methods  are.  They  do 
not  always  represent  the  facts  of  the  case. 

Returning  to  the  relation  Njr^  =  a^^,  we  have  obtained  results  for 
gold  and  platinum  as  reported  in  Tables  II.  and  III.  The  conduc- 
tivity for  gold  at  a  wave-length  5.89  x  lO"*  cm.  is  5.5  x  10*^  C.G.S. 
units  and  it  increases  to  a  value  36.8  x  10**  at  a  wave-length 
18  X  lO"*  cm.,  while  the  observed  value  for  the  conductivity  for 
the  steady  state  is  40  x  10**  C.G.S.  units.  The  results  are  the 
same  nature  as  reported  for  silver,  the  conductivity  diminishing  for 
diminishing  wave-lengths. 

For  platinum  the  value  of  the  conductivity  at  a  wave-length 
5.89  X  io~*  cm.  is  3.85  X  Io'^  and  it  diminishes  to  a  value  1.7  x  lO*** 
for  a  wave-length  8  x  io~*  cm.  and  then  increases  until  it  assumes 
a  value  9.25  x  lO"**  at  a  wave-length  17  x  io~*  cm.  while  the  ob- 
served value  for  steady  currents  is  given  as  9.24  x  10**  C.G.S.  units; 
Judging  from  the  results  for  gold  and  silver  the  values  obtained  for 
the  conductivity  of  platinum  are  much  too  high,  but  we  have  taken 
a  value  of  N  for  platinum,  which  we  know  has  not  yet  assumed  a  con- 
stant value,  independent  of  the  wave-length,  and  hence  the  value  of 
ffj^  for  platinum  would  in  general  be  smaller. 

Another  phase  of  the  question  is  of  interest,  which  arises  from  a 
consideration  of  a  formula  derived  by  Thomson,  and  previously 
mentioned. 


.  2    ^2 


m 


This  for  a    becomes 


(4)' 


{a} 


Net, 
2nt 


a    = ^*.  (b\ 


Taking  the  observed  value  of  ^^,  which  for  silver  is  60.9  x  10^,. 
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and  the  value  given  for  iV as  0.37  x  10**,  we  may  obtain  a  value  of 
/j,  the  time  of  duration  of  free  path  as  18.4  x  io~**  sec.  This  value 
of  18.4  X  io~**  sec.  is  about  ten  times  greater  than  the  value  ob- 
tained by  Bloch.  The  value  of  -A^  obtained  by  Bloch  is  about  10* 
times  as  large  as  the  value  obtained  in  this  paper.  In  other  words 
if  we  grant  the  correctness  of  Thomson's  formula  and  get  the  value 
of  N,  equivalent  to  the  number  of  atoms  per  unit  volume,  or  of 
magnitude  10®,  then  the  value  of  t^  is  of  a  higher  order  of  magni- 
tudes than  usually  given,  it  becomes  1.84  x  io~"  sec. 
The  conclusions  reached  in  this  paper  are  briefly : 

1.  That  the  effect  of  the  vibrating  corpuscle  in  the  visible  spec- 
trum of  gold,  silver  and  platinum  has  very  little  influence  upon  the 
optical  properties  of  these  metals  after  we  arrive  at  a  wave-length 
which  for  silver  and  gold  is  beyond  10  x  lO"^  cm.,  and  which  for 
platinum  is  beyond  18  x  I0~*  cm. 

2.  That  the  value  of  N  obtained  by  the  method  of  this  paper  is 
of  the  order  of  magnitude  of  10**  for  silver  and  gold,  and  for  plati- 
num is  less  than  10^.  The  specific  values  for  silver  and  gold  are 
0.37  X  10^,  and  0.33  X  10^  respectively,  the  value  for  platinum  is 
less  than  .81  x  lo**.  The  belief  that  they  are  correct  is  based 
upon  the  values  of  the  conductivities  to  which  they  lead. 

The  writer  wishes  to  express  his  indebtedness  to  Professor  Trow- 
bridge, whose  aid  directed  the  writer's  thoughts  along  the  proper 
channels. 

Palmer  Physical  Laboratory, 

Princeton  University, 

Noyember,  1908. 
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STUDIES   IN    LUMINESCENCE. 

By  Edward  L.  Nichols  and  Ernest  Merritt. 

IX.   A  Spectrophotometric  Study  of  Certain  Cases  of 
Kathodo- Luminescence.^ 

THE  spectrophotometric  study  of  luminescence  has  thus  far  been 
confined  almost  entirely  to  cases  of  photo-luminescence.  It  is 
of  interest  to  inquire  whether  exciting  agents  other  than  light  will 
give  luminescence  spectra  of  the  same  type,  and  to  what  extent  the 
laws  that  have  been  found  to  hold  in  the  case  of  photo-lumin- 
escence possess  a  more  general  ap- 
plication. The  experiments  on  kath- 
odo-luminescence  described  in  the 
present  paper  are  of  interest  chiefly 
because  of  the  bearing  of  the  results 
upon  these  and  similar  questions. 
During  the  course  of  the  work  pre- 
liminary data  have  also  been  obtained 
with  regard  to  the  dependence  of  -< — 
kathodo-luminesence  upon  discharge 
potential  and  current  strength. 

The  form  of  vacuum  tube  used  is 
show  in  Fig.  73,  the  substance  to  be 
tested  being  placed  at  S.      In  order  Is 

to  prevent  disturbance  from  the  flu-  ^     ^ 

..    ,        ,        ,  Pie-  73. 

orescence  of  the  glass  the  speamen 

in  some  instances  was  placed  in  a  metal  inclosure  which  protected  the 

glass  from  excitation  by  the  kathode  rays.    The  kathode,  K^  was  a  flat 

aluminum  disk.    The  fluorescent  light  was  reflected  directly  into  the 

slit  of  the  Lummer-Brodhun  spectrophotometer  by  a  small  mirror  at 

the  side  of  the  tube.     An  acetylene  flame  was  used  as  a  comparison 

'  The  results  conuined  in  this  paper  were  in  part  presented  to  the  American  Physical 
Society,  at  the  meeting  held  in  Washington,  April  24,  1908. 
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source.  Current  was  furnished  by  a  motor-driven  Holtz  machinecapa- 
ble  of  giving  a  current  of  0.6  milliampere.  A  galvanometer  placed  in 
the  circuit  next  to  the  grounded  pole  of  the  machine  served  to  indi- 
cate the  constancy,  or  lack  of  constancy,  of  the  current  through  the 
tube.  In  most  cases  relative  values  only  of  the  current  have  been 
recorded.  The  potential  difference  between  the  terminals  of  the 
tube  was  measured  by  a  Kelvin  electrostatic  voltmeter  and  served 
as  a  sensitive  indicator  of  changes  in  the  vacuum.* 

Considerable  difficulty  was  encountered  in  keeping  the  discharge 
through  the  tube  steady.  Sudden  changes  occurred  in  the  intensity 
of  the  fluorescence,  even  without  any  corresponding  change  in  cur- 
rent or  voltage,  due  apparently  to  some  erratic  cause  producing 
either  a  deflection  of  the  kathode  rays  or  a  change  in  the  intensity  of 
these  rays.  The  most  serious  of  these  disturbances  were  traced  to  ir- 
regular leakage  from  the  wires  leading  to  the  Holtz  machine.  This 
trouble  was  made  more  difficult  to  control  by  unfavorable  atmos- 
pheric conditions,  the  work  being  carried  on  in  the  spring ;  but  the 
disturbances  due  to  leakage  were  largely  removed  by  using  large 
rods  in  place  of  wires,  and  by  avoiding  sharp  comers.  It  proved 
advantageous,  also,  to  run  the  Holtz  machine  at  full  speed  and  to 
cut  down  the  potential  difference  between  the  terminals  of  the  tube 
by  means  of  resistance  in  series.  The  necessary  resistance  was  fur- 
nished by  a  tube  containing  absolute  alcohol.  Flickering  per- 
sisted to  some  extent  even  with  these  precautions,  and  it  was 
frequently  necessary  to  discard  the  results  of  several  hours  work. 
The  results  published  were,  however,  taken  under  favorable  con- 
ditions.* 

It  did  not  prove  practicable  to  maintain  the  pressure  in  the  tube 
constant  during  the  time  necessary  for  spectrophotometric  measure- 
ments throughout  the  spectrum.  Owing  to  a  small  leak,  or  to  the  de- 
velopment of  gas  by  the  discharge,  the  pressure  gradually  increased 
during  the  course  of  a  series  of  readings,  so  that  at  the  end  of  about  an 

'  Since  the  absolute  taIucs  of  the  potential  used  are  of  no  great  significance  in  the  pres- 
ent work  we  have  plotted  Toltmeter  readings  rather  than  the  actual  values  of  the  po- 
tential in  the  curves  accompanying  this  article.  If  the  potential  in  volts  is  desired  this 
may  be  found  by  multiplying  the  voltmeter  deflection  by  385. 

'  It  is  probable  that  the  trouble  was  due  to  electrostatic  charges  on  the  walls  of  the 
tube.  A  larger  tube  so  constructed  as  to  have  the  kathode  at  a  considerable  distance 
from  the  walls  would  probably  act  more  satisfactorily. 
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hour  it  was  necessary  to  re-exhaust.  In  order  to  determine  the 
luminescence  spectrum  corresponding  to  constant  pressure  condi- 
tions the  following  procedure  was  adopted  :  — 

While  one  observer  recorded  the  readings  of  the  voltmeter  and  gal- 
vanometer and,  when  necessary,  operated  the  pump,  the  other  made 
settings  of  the  spectrophotometer  as  rapidly  as  possible,  running  back 
and  forth  through  the  spectrum  until  the  whole  region  had  been 
covered  a  number  of  times.  Curves  were  then  drawn  for  each  wave- 
length at  which  settings  had  been  made  by  plotting  intensities,  as 
measured  by  the  spectrophotometer,  against  voltmeter  readings.  A 
series  of  such  curves  is  shown  at  the  left  in  Fig.  74,  which  refers  to 
a  cadmium  sulphate  preparation.  These  curves  all  have  the  same 
general  shape,  and  in  most  cases  each  curve  contains  enough  points 
to  determine  its  form  with  considerable  definiteness.  After  the 
curves  had  been  drawn  as  accurately  as  possible  the  intensity  corre- 
sponding to  any  particular  voltmeter  reading  could  be  determined 
by  graphical  interpolation.  The  points  forming  the  two  curves  to 
the  right  in  Fig.  74  (marked  I.  V.  M.  30  and  II.  V.  M.  17.5)  were 
determined  in  this  way  for  the  voltmeter  readings  30  and  17.5 
respectively.  For  these  curves  the  abscissas  are  wave-lengths 
expressed  in  fractions  of  //  as  indicated. 

The  procedure  in  the  case  of  our  experiments  with  willemite 
(Fig.  7S)  and  Sidot  blende  (Fig.  T7)  was  exactly  the  same  as  in  the 
case  of  cadmium  sulphate.  A  comparison  of  these  three  figures 
shows,  however,  that  while  the  voltage  intensity  curves  in  Figs.  74 
and  75  are  similar,  being  in  each  case  concave  toward  the  horizontal 
axis,  the  corresponding  curves  in  Fig.  TJ  are  almost  exactly 
straight.  The  difference  results  from  the  fact  that  in  the  experi- 
ments corresponding  to  Figs.  74  and  75  the  current  through  the 
tube  diminished  rapidly  as  the  voltage  increased,  whereas  in  the 
experiments  on  Sidot  blende  (Fig.  jy^  the  conditions  as  regards 
leakage  were  more  favorable  and  the  current  remained  nearly 
constant.  During  the  observations  corresponding  to  Fig.  yj  the 
deflection  of  the  galvanometer  varied  from  32  for  the  highest  volt- 
meter reading  (33.8)  to  37  for  the  lowest  voltmeter  reading  (i  1.7). 
In  the  experiments  with  willemite  (Fig.  75)  the  galvanometer 
deflection  ranged  from  7  to  25  ;  and  in  the  experiments  with  cad- 
mium sulphate  the  range  was  from  15  to  31. 
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The-results  obtained  are  plotted  in  Figs.  74  to  yj  and  are  further 

discussed  below. 

CdSO,  +  ;rMnSO,. 

This  substance  was  prepared  by  C.  W.  Waggoner,  who  has 
determined  its  decay  curve  when  excited  by  the  iron  spark.*  Ex- 
cited by  kathode  rays  it  gave  an  intense  yellow  fluorescence,  with 
scarcely  observable  phosphorescence.  Close  inspection  of  the 
powder  showed  occasional  grains  which  glowed  with   an  orange  or 


Fig.  74.  CdSO^-h  x  MnSO^. 
The  curves  to  the  left  show  the  relation  between  discharge  potential  and  intensity  for 
different  wave-lengths.  Curves  I.  and  II.  show  the  luminescence  spectra  for  discharge 
potentials  of  Ii6cx>  volts  and  6700  volts  respectively.  Curves  III.  and  IV.  show,  to  a 
larger  scale,  the  luminescence  spectra  excited  by  ultra-violet  light  and  ROntgen  rays 
respectively. 

red  light.  At  the  end  of  our  experiments,  after  the  powder  had 
been  bombarded  by  the  kathode  rays  for  about  ten  hours,  the  sur- 
face was  found  to  have  acquired  a  ruddy  brown  discoloration. 
Upon  standing  for  several  months  the  powder  scarcely  responded  at 
all  to  excitation  by  the  iron  spark,  but  recovered  its  activity  after 

heating. 

>  Phys.  Rev.,  XXVII.,  p.  209,  1908. 
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Inspection  of  Curves  I.  and  II.,  Fig.  74,  shows  that  the  form 
of  the  fluorescence  spectrum  is  independent  of  the  discharge  poten- 
tial, and  therefore  of  the  velocity  of  the  cathode  rays,  since  it  is 
clear  that  one  of  these  curves  might  be  obtained  from  the  other 
merely  by  changing  the  scale. 

The  fluorescence  spectrum  was  also  determined  for  excitation  by 
the  ultra-violet  rays  in  the  spectrum  of  the  iron  spark,  and  for  ex- 
citation by  Rontgen  rays,  the  results  being  shown  in  Curves  III. 
and  IV.  respectively.  The  luminescence  excited  in  both  of  these 
rays  was  weak  and  the  spectrum  could  be  explored  only  with  great 
difficulty.  Curves  III.  and  IV.  are  drawn  to  a  much  larger  scale 
than  Curves  I.  and  II.  in  order  that  they  may  be  shown  in  the  same 
figure.  In  reality  the  intensity  at  the  maximum  of  Curve  I.  is  200 
times  as  great  as  the  corresponding  intensity  for  Curve  III.,  and 
SCO  times  as  great  as  the  maximum  for  Curve  IV.  It  will  be  ob- 
served that  the  maximum  of  Curve  IV.  occurs  at  the  same  wave- 
length as  in  the  case  of  cathodo-luminescence.  In  the  case  of 
photo-luminescence,  Curve  III.,  there  is  an  apparent  shift  toward 
the  shorter  waves  ;  we  are  of  the  opinion  however  that  this  shift  is 
not  real  but  due  to  errors  resulting  from  the  extreme  faintness  of  the 
spectrum. 

The  substance  continued  to  glow  for  a  long  time  when  excited  by 
ultra-violet  light,  but  after  excitation  by  kathode  rays  the  phos- 
phorescence died  out  with  great  rapidity. 

WiLLEMITE. 

The  specimen  tested  was  a  part  of  the  same  piece  that  had  pre- 
viously been  used  in  determining  the  decay  of  phosphorescence  in 
this  substance.*  No  change  was  observable  in  the  specimen  even 
after  prolonged  excitation. 

While  the  kathodo-luminescence  of  willemite  was  not  much  more 
intense  than  that  of  CdSO^,  the  photo-luminescence,  excited  as  be- 
fore by  the  ultra-violet  rays  from  an  iron  spark,  was  found  to  be 
much  brighter  than  that  of  CdSO^.  The  luminescence  excited  by 
Rontgen  rays  was,  however,  only  slightly  more  intense.  Curves 
IV.  and  v..  Fig.  75,  which  show  the  spectral  distribution  for  the 
*  Nichols  tnd  Merritt,  Phys.  Rev.,  XXIII.,  p.  37,  1906. 
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photo-luminescence  and  the  Rontgen  luminescence  respectively,  are 
plotted  to  a  larger  scale  than  the  curves  for  kathodo-luminescence 
on  the  same  figure,  as  it  would  otherwise  be  impossible  to  see  the 
details  of  these  curves.  The  maximum  intensity  for  Curve  I.  was 
in  reality  120  times  as  great  as  that  for  Curve  IV.  and  1,500  times 
as  great  as  for  Curve  V. 


Fig.  75.     Willemite. 
The  curves  to  the  left  are  voltage-intensity  curves  for  different  wave-lengths.     Curves 
I.,  II.,  and  III.,  show  the  luminescence  spectra  for  discharge  potentials  of  13,500  volts, 
9,600  volts,  and  6,700  volts  respectively.     Curves  IV.  and  V.  show,  to  a  large  scale, 
the  luminescence  spectra  excited  by  ultra-violet  light  and  R5ntgen  rays  respectively. 


Digitized  by 


Google 


No.  5.] 


STUDIES  IN  LUMINESCENCE, 


355 


Inspection  of  the  curves  of  Fig.  75  seems  to  justify  the  conclu- 
sion that  the  luminescence  spectrum  of  willemite  has  the  same  form 
whether  the  exciting  agent  is  ultra-violet  light,  Rontgen  rays,  or 
kathode  rays.  The  form  of  the  spectrum  is  also  seen  to  be  inde- 
pendent of  the  potential  difference  between  the  terminals  of  the  tube, 
and  is  therefore  independent  of  the  velocity  of  the  kathode  rays. 

When  excited  by  ultra-violet  light  the  willemite  used  in  these 
experiments  showed  bright  phosphorescence,  whose  rate  of  decay 
was  so  slow  as  to  be  comparable  with  that  of  Sidot  blende.  But 
when  excited  by  kathode  rays  the  phosphorescence  was  faint  and 
disappeared  within  a  few  seconds.  The  intense  brilliancy  of  the 
kathodo-luminescence  during  excitation  makes  this  difference  especi- 
ally striking. 

Sidot  Blende. 

The  specimens  tested  were  pieces  of  the  same  screen  that  had 
been  used  in  our  previous  work  on  Sidot  blende.' 
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Fig.  76.     Sidot  Blende. 

>  Nichols  and  Merritt,  Phys.  Rev.,  XXI.,  p.  247  ;  XXII.,  p.  279  ;  XXIII.,  p.  37  ; 
XXV.,  p.  362. 
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Our  first  measurements  of  the  kathodo-luminescence  of  this  sub- 
stance were  made  in  connection  with  this  earlier  work,  and  although 
the  conditions  were  not  so  definite  as  in  the  case  of  the  more  recent 
investigation,  the  result  of  one  exploration  of  the  spectrum,  shown 
in  Fig.  76,  will  be  of  interest  for  purposes  of  comparison.  Kathode 
rays  were  developed  in  these  experiments  by  connecting  the  tube 
used  with  the  secondary  of  an  induction  coil,  the  primary  of  which 
was  supplied  with  alternating  current.  The  discharge  was  made 
approximately  unidirectional  by  placing  a  rectifying  tube  in  series. 
The  current  was  controlled  by  an  alcohol  resistance.  The  current 
used  being  smaller  than  that  employed  in  our  more  recent  work, 
less  difficulty  was  met  with  in  maintaining  constant  pressure  in  the 
tube.  That  the  pressure  was  nearly  constant  during  the  measure- 
ments corresponding  to  Fig.  76  is  shown  by  the  fact  that  it  was 
possible  to  run  through  the  spectrum  a  second  time  with  practically 
identical  results.  The  points  marked  by  circles  in  Fig.  76  were 
determined  first,  while  those  marked  with  crosses  were  taken  after- 
wards, with  no  change  in  the  conditions,  as  a  check.  It  is  clear 
that  the  spectrum  contains  two  overlapping  bands,  and  the  estimated 
curves  for  the  separate  bands  are  indicated  by  the  dotted  lines. 

Our  more  recent  measurements  with  Sidot  blende  were  made  by 
the  same  method  as  that  used  with  CdSO^  and  willemite.  The  re- 
sults are  shown  in  Fig.  yj. 

When  subjected  to  the  relatively  intense  kathode  rays  used  in 
these  experiments  the  Sidot  blende  was  found  to  undergo  a  rapid 
change,  which  was  manifested  both  by  a  discoloration  of  the  surface 
and  by  a  diminution  in  the  intensity  of  the  luminescence.  In  Fig. 
TJ,  Curve  III.  corresponds  to  the  same  voltmeter  reading  as  Curve 
I.,  but  was  taken  after  the  substance  had  been  excited  continuously 
for  two  or  three  hours.  Not  only  is  the  intensity  much  diminished 
by  prolonged  excitation  but  the  whole  character  of  the  luminescence 
spectrum  is  altered. 

The  band  at  about  o.  5 1  //,  which  appears  in  Fig.  76  and  in 
Curves  I.  and  II.  of  Fig.  yj,  appears  to  be  the  same  as  that  excited 
by  light  and  by  Rontgen  rays.^  The  band  at  about  0.455  P-  >s  also 
excited  by  Rontgen  rays.'     But  this  band  is  either  not  present  in 

*  Nichols  and  Merritt,  Phys.  Rev.,  XXI.,  p.  247,  1905,  Figures  30,  31  and  35. 
^  Loc.  cit.,  Fig.  30. 
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the  spectrum  excited  by  ultra-violet  light,  or  is  masked  by  the  other 
bands  present  in  that  spectrum.  The  luminescence  of  Sidot  blende, 
as  we  have  previously  pointed  out,  is  extremely  complex,  and  the 
green  band  at  about  0.51  /i  is  the  only  one  which  can  be  readily 
isolated. 


/f:6  ^t  \To    \SA     ^-f     S^    .^J"f     ^^ 


Fig.  77.     Sidot  Blende. 
The  curves  to  the  left  are  voltage-intensity  curves  for  different  wave-lengths.     Curves 
I.  and  II.  show  the  luminescence  spectra  for  discharge  potentials  of  1 1600  volts  and  7700 
volts  respectively.     Curve  III.  shows  the  luminescence  spectrum  for  1 1 600  volts  after  the 
substance  had  been  altered  by  the  action  of  the  kathode  rays. 

When  excited  by  kathode  rays  the  phosphorescence  of  Sidot 
blende  is  faint  and  of  relatively  short  duration. 

The  infra-red  rays  obtained  by  interposing  a  thin  sheet  of  hard 
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rubber  in  the  path  of  the  rays  from  an  arc  diminished  the  kathode 
luminescence  of  Sidot  blende  only  slightly.  A  long  series  of 
settings,  alternately  with  and  without  infra-red  rays,  was  necessary 
to  make  certain  that  any  effect  was  produced  at  all.  Infra-red  rays 
of  the  same  intensity  would  have  cut  down  the  fluorescence  excited 
by  light  to  one-half  its  normal  intensity.* 

Dependence  of  Kathodo-Luminescence  upon  Current  and 
Discharge  Potential. 

Since  kathodo -luminescence  results  from  the  bombardment  of 
the  luminescent  substance  by  the  kathode  rays  it  is  natural  to 
expect  a  simple  relation  between  the  intensity  of  luminescence  and 
the  velocity  and  number  of  the  kathode  ray  particles.  The  ex- 
periments here  described  show  that  the  form  of  the  luminescence 
spectrum  is  independent  of  both  these  factors.  The  experiments 
show  also  that  the  intensity  of  luminescence  is  increased  by  in- 
creasing either  the  velocity  of  the  rays  or  the  current  in  the  tube. 
But  the  conditions  of  the  experiments  were  unfortunately  not  such 
as  to  permit  definite  conclusions  to  be  drawn  regarding  the  quanti- 
tative relations. 

Several  attempts  were  made  to  determine  the  relation  between 
intensity  and  current  at  a  constant  discharge  potential.  The  current 
could  be  varied  through  a  wide  range  either  by  changing  the  speed 
of  the  Holtz  machine  or  by  altering  a  resistance  in  multiple  with 
the  tube.  The  results  make  it  seem  probable  that  the  intensity  of 
luminescence  is  proportional  to  the  current ;  but  erratic  changes  in 
the  conditions  in  the  tube,  due  probably  to  static  charges  on  the 
walls,  made  it  impossible  to  get  entirely  consistent  results.  For  a 
time  the  conditions  would  apparently  remain  constant  and  the  inten- 
sity was  found  to  vary  in  the  same  ratio  as  the  current.  But  some 
source  of  disturbance  soon  developed,  so  that  the  next  observations 
were  discordant.  Some  change  in  the  form  of  tube  or  the  source 
of  current  supply  will  be  necessary  before  this  question  can  be 
definitely  settled. 

Working  with  the  relatively  slow  kathode  rays  developed  by 
ultra  violet  light  Lenard   has  found  the  intensity  of  luminescence, 

>Phys.  Rev.,  XXV.,  p.  362,  1907. 
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/,  to  be  related  to  the  discharge  potential,  V,  by  the  equation 

where  Q  is  the  density  of  the  kathode  stream,  C  a  constant,  and  V^ 
a  minimum  potential  below  which  no  luminescence  is  produced.' 
The  existence  of  a  sharply  defined  lower  limit  to  the  potential  that 
is  capable  of  producing  luminescence  is  called  in  question  by 
Wehnelt,'  who  used  in  his  experiments  a  much  greater  density  of 
the  kathode  rays.  On  the  other  hand  a  definite  lower  limit  to  the 
velocity  has  been  found  by  Rutherford*  in  the  analogous  case  of 
luminescence  produced  by  the  a  rays  of  radium. 

Our  own  experiments  with  Sidot  blende  appear  at  first  glance  to 
confirm  the  conclusions  of  Lenard,  for  the  voltage-intensity  curves,. 
Fig.  TT,  are  straight  lines  cutting  the  horizontal  axis  at  a  point  cor- 
responding to  a  voltmeter  reading  of  about  12  divisions.  In  the 
case  of  the  experiments  with  Sidot  blende  the  current  in  the  tube 
varied  only  slightly.  We  are  not  justified  in  concluding,  however,, 
that  the  density  of  the  kathode  stream  was  constant,  for  the  frac- 
tion of  the  current  that  is  carried  by  the  kathode  rays  is  known  to 
vary  as  the  vacuum  changes,  being  practically  zero  at  high  pres- 
sures and  nearly  100  per  cent,  when  the  pressure  is  low.  In  our 
experiments  it  was  not  practicable  to  determine  the  amount  of  this 
change.  It  seems  scarcely  probable,  however,  that  the  change  was 
unimportant.  If  the  curves  of  Fig.  jy  could  be  corrected  so  as  to 
refer  to  a  constant  density  of  the  kathode  stream  it  appears  probable 
that  they  would  differ  greatly  from  the  curves  plotted. 

Conclusions. 

In  so  far  as  it  is  possible  to  generalize  on  the  basis  of  the  small 
number  of  experiments  here  described,  the  following  conclusions 
appear  to  be  justified. 

I.  In  cases  of  kathodo-luminescence  the  distribution  of  intensity^ 
throughout  each  band  of  the  luminescence  spectrum  is  independent 
of  the  discharge  potential,  and  therefore  independent  of  the  velocity^ 
of  the  kathode  rays. 

>  Lenard,  Annalen  der  Physik,  12,  p.  449,  1903. 

«  Wehneh,  Berliner  Physikalische  Gesellschaft,  5,  p.  225,  1903. 

•  Rutherford,  Radioactivity,  second  edition,  p.  547. 
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2.  In  cases  where  a  band  is  capable  of  being  excited  by  light 
and  by  Rontgen  rays  as  well  as  by  kathode  rays,  the  fomi  of  the 
band  and  the  position  of  its  maximum  are  the  same  for  all  these 
modes  of  excitation. 

We  have  previously  shown  that  the  distribution  of  intensity  in 
any  given  band  is  independent  of  the  wave-length  of  the  exciting 
light*  It  appears  probable,  therefore,  that  the  above  conclusion 
may  be  stated  more  broadly,  and  that  the  distribution  of  intensity 
in  each  band  of  a  luminescence  spectrum  is  independent  of  the  nature 
of  the  exciting  agent  by  which  the  luminescence  is  produced. 

3.  Phosphorescence  following  excitation  by  kathode  rays  is  less 
intense  and  more  fleeting  than  the  phosphorescence  excited  in  the 
same  substance  by  light. 

The  explanation  of  this  fact  is  probably  to  be  found  in  the  rela- 
tively slight  penetrating  power  of  the  kathode  rays.  The  excitation  is 
thus  confined  to  a  thin  layer  at  the  surface  of  the  active  substance, 
while  in  the  case  of  photo-luminescence  the  excitation  extends  to  a 
considerable  depth.  As  pointed  out  in  the  preceding  paper  of  this 
series,'  the  decay  of  phosphorescence  would  be  more  gradual  in  the 
latter  case. 

4.  The  effect  of  infra-red  rays  upon  the  kathodo-luminescence  of 
Sidot  blende  during  excitation  is  small  compared  to  the  same  effect 
upon  the  photo-luminescence  of  this  substance  and  produces  a 
barely  observable  decrease  in  the  intensity  of  luminescence. 

>  Nichols  and  Mcrritt,  Phys.  Rev.,  XVIII.,  p.  403;  XIX.,  p.  18. 
•Nichols  and  Merritt,  Phys.  Rev.,  XXVII.,  p.  373,  1908. 
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THE   EFFECT   OF  TEMPERATURE   ON   FLUOR- 
ESCENCE AND   ABSORPTION. 

By  R.  C.  Gibbs. 

I.     Fluorescence  and  Absorption  of  Canary  Glass 
AT  High  Temperature.^ 

THE  desirability  of  investigating  the  effect  of  change  of  tempera- 
ture on  the  fluorescence  and  absorption  of  various  specimens 
of  glass  was  suggested  to  the  writer  by  Professor  Nichols.  Few 
quantitative  results  have  been  published  showing  the  nature  of  such 
effects.  It  is  not  to  be  expected  that,  from  the  results  obtained 
in  the  case  of  a  smgle  specimen,  one  could  predict  the  behavior  of 
other  specimens  though  they  may  be  very  similar  in  composition. 
The  following  observed  phenomena  serve,  therefore,  only  as  a  start- 
ing point  in  this  line  of  investigation. 

This  paper  deals  only  with  the  high  temperature  effect  in  the  case 
of  canary  glass.  By  high  temperature  is  meant  such  a  temperature 
to  which  we  may  heat  the  specimen  in  question  without  materially 
changring  its  hardness. 

The  glass  used  in  these  experiments  was  obtained  through  the 
kindness  of  Professor  Bancroft  from  the  Geophysical  Laboratory  at 
Washington.  A  statement  from  this  laboratory  shows  that  the 
glass  was  prepared  according  to  the  following  formula :  SiO,  70 
per  cent.,  KjO  24  per  cent.,  CaO  6  per  cent,  to  which  2.5  to  3.0 
per  cent,  sodium  uranate  is  added. 

The  glass  was  ground  approximately  into  the  shape  of  a  rect- 
angular plinth,  2.88  cm.  by  3.37  cm.  with  an  average  thickness  of 
.74  cm.     All  faces  were  polished  except  the  two  smallest. 

In  order  to  eliminate  transmitted  light  as  much  as  possible  from 
the  observations  of  fluorescence,  the  glass  was  mounted  in  an  iron 
case  which  completely  covered  the  unpolished  faces  of  the  glass, 

'A  summary  of  the  wo^-k  described  in  this  paper  was  presented  to  the  Physical  Society 
at  the  HanoTer  meeting,  June  30,  1908. 
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and  left  exposed  a  rectangular  surface  2.66  cm.  by  1.88  cm.  on  the 
two  largest  faces  and  a  similar  surface  .5  cm.  by  1.88  cm.  on  the 
other  two  faces.  These  exposed  surfaces  were  located  about 
equally  distant  from  the  parallel  edges  of  the  glass.  In  this  way 
the  edges  of  the  glass  which  contained  small  nicks  due  to  g^nding 
were  covered,  thus  eliminating  irregular  reflection.  The  plan,  front 
elevation  and  end  elevation  of  the  case  are  shown  in  Fig.  i.  The 
heavy  broken  lines  indicate  the  position  of  the  glass. 
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Fig.  1. 


Fig.  2. 


The  case  is  made  of  six  pieces  of  iron  fastened  together  with 
screws  and  so  constructed  that  the  glass  can  be  taken  out  after  re- 
moving one  of  these  pieces. 

The  framework  of  the  furnace  used  for  heating  the  specimen  was 
made  from  asbestos  cement  roofing  plates  fastened  together  by  iron 
rods  in  the  shape  of  a  box  about  1 1  cm.  by  9  cm.  by  1 5  cm.  The 
iron  case  was  placed  inside  the  furnace  box  in  a  position  indicated 
in  Fig.  2. 

Four  rectangular  tubes  made  of  blackened  tin  were  fastened  to 
the  iron  case  so  that  the  axes  of  the  tubes  were  respectively  perpen- 
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dicular  to  the  four  exposed  surfaces  of  the  glass  and  approximately 
at  their  centers.  The  cross  section  of  each  tube  was  similar  in  shape 
to  and  slightly  larger  than  the  surface  of  the  glass  which  it  covered. 
The  outer  ends  of  these  tubes  projected  a  short  distance  through 
the  sides  of  the  furnace  box. 

Mica  windows  were  carefully  fitted  into  grooves  made  in  these 
tubes  near  their  outer  ends.  The  object  of  making  four  openings 
from  the  glass  to  the  outside  of  the  furnace  will  appear  later  when 
the  method  of  measuring  the  fluorescence  and  absorption  are  de- 
scribed. 

To  secure  heating  an  electric  current  was  passed  through  iron 
wire  wound  in  four  coils  on  porcelain  tubes  which  were  supported 
inside  the  furnace  box  by  iron  rods.  The  iron  case  and  rectangular 
tubes  were  carefully  wrapped  with  several  thicknesses  of  asbestos 
paper  in  order  to  secure  as  uniform  a  temperature  in  all  parts  of  the 
glass  as  possible.  To  prevent  loss  of  heat  and  also  unequal  heat- 
ing all  imperfect  joints  and  cracks  around  tubes,  wires  and  rods 
were  for  the  most  part  sealed  up  with  asbestos  cement  paste.  The 
whole  was  carefully  wrapped  with  several  coatings  of  asbestos  paper. 

The  temperature  was  measured  by  means  of  an  iron-constantan 
thermo-junction.  A  potentiometer  was  used  to  measure  the  E.M.F. 
One  junction  was  placed  in  ice  and  the  other  was  placed  in  a  groove 
in  the  iron  case  so  that  it  came  in  contact  with  one  face  of  the  glass 
just  above  the  opening  through  which  the  fluorescence  was  ob- 
served. The  thermo-junction  was  calibrated  by  placing  one  junc- 
tion in  ice  and  the  other  very  close  to  the  bulb  of  a  high  tempera- 
ture mercury  thermometer  and  inserting  them  in  a  porcelain  tube. 
Each  end  of  the  tube  was  tightly  closed  and  the  tube  heated  by 
means  of  an  electric  resistance  properly  insulated.  The  thermome- 
ter was  read  for  both  rising  and  falling  temperatures  at  equally 
spaced  intervals  of  E.M.F.  The  average  of  these  readings  was 
then  plotted  against  the  E.M.F.  and  from  this  curve  the  E.M.F. 
for  any  desired  temperature  was  obtained.  It  was  deemed  unneces- 
sary to  apply  the  usual  corrections  to  the  readings  of  the  thermome- 
ter because  the  phenomena  observed  did  not  show  a  measurable 
change  for  such  small  differences  of  temperature. 

The  light  used  for  exciting  fluorescence  was  obtained  from  the 
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arc  of  a  mercury  lamp.  The  lamp  was  placed  in  front  of  the  mica 
window  W^  (Fig.  2)  about  3  cm.  from  the  surface  of  the  glass.  An 
ammeter  was  placed  in  series  with  the  lamp  and  its  reading  fre- 
quently observed  in  order  to  guard  against  combining  results 
obtained  with  a  variable  intensity  of  excitation.  Since  the  lamp 
had  to  be  inclined  to  start  the  arc,  it  was  securely  fastened  by  a 
hinge  arrangement  so  that  it  would  always  come  back  to  the  same 
position.  It  may  here  be  noted  that  the  ammeter  showed  an  almost 
constant  reading  during  the  observations  from  which  the  following 
curves  were  obtained.  The  face  of  the  glass  directed  away  from 
the  lamp  was  left  uncovered  in  order  to  prevent  the  reflection  of  the 
light  from  the  lamp  as  much  as  possible.  Such  a  reflection  might 
cause  the  transmission  to  the  slit  of  a  considerable  portion  of  the 
exciting  light 

The  fluorescence  was  observed  through  the  mica  window  W^ 
(Fig.  2)  and  its  intensity  for  the  various  wave  lengths  was  measured 
by  means  of  a  Lummer  and  Brodhun  spectro-photometer  shown  in 
Fig.  2.  The  prism  P^  was  adjusted  for  minimum  deviation  of  the 
sodium  line.  The  telescope  T' was  clamped  in  such  a  position  as  to 
afford  freedom  of  range  over  the  entire  spectrum  by  means  of  the 
vernier  screw.  The  collimator  C,  was  adjusted  until  the  image  of 
the  sodium  line  from  the  slit  5,  coincided  with  that  from  S^, 

The  more  important  lines  of  hydrogen,  helium,  sodium  and 
neon  were  used  to  obtain  a  calibration  curve  from  which  all  vernier 
readings  were  reduced  to  wave  lengths. 

The  fluorescent  light  fell  upon  slit  S^  (Fig.  2)  which  was  kept  at 
a  constant  width  of  one  millimeter  and  its  intensity  was  measured 
by  adjusting  the  width  of  slit  S^  until  the  light  reflected  from  RK 
showed  the  same  intensity  as  the  light  transmitted  through  the 
upper  and  lower  parts  of  the  prism  P^  from  ^j.  The  source  of  light 
which  illuminated  slit  5,  was  an  acetylene  flame  L  from  which  light 
was  diffusely  reflected  by  a  block  of  magnesium  carbonate  M^, 
placed  at  an  angle  of  45  °  with  the  axis  of  the  collimator  C^.  In 
making  settings  of  slit  S^  care  was  taken  to  avoid  lost  motion  of 
the  micrometer  screw.  A  water  pressure  gauge  connected  to  the 
source  of  the  acetylene  supply  served  to  indicate  possible  changes  in 
intensity  of  the  comparison  light.  The  acetylene  pressure  was 
constant  when  the  following  results  were  obtained. 
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Light  from  L  was  reflected  by  means  of  a  thin  glass  mirror  M^, 
placed  at  an  angle  of  about  45^  with  the  axis  of  collimator  Cp  so 
as  to  pass  through  mica  window  W^  and  fall  upon  the  glass.  The 
intensity  of  the  light  transmitted  through  the  2.88  cm.  of  glass  was 
measured  in  the  same  way  as  that  of  the  fluorescent  light. 

The  glass  mirror  was  used  instead  of  a  magnesium  carbonate 
block  because  of  the  large  absorbing  power  of  the  glass.  It  was 
found,  however,  upon  removing  the  glass  in  order  to  measure  the 
intensity  of  the  incident  light  that  a  diffuse  reflector  was  desirable. 
The  glass  mirror  was  then  replaced  by  a  block  of  magnesium 
carbonate  and  the  number  of  acetylene  flames  increased  from  one 
to  five.  The  transmitted  and  incident  lights  were  then  measured 
for  the  various  wave  lengths  at  room  temperature.  From  these 
results  together  with  those  obtained  with  the  mirror  for  transmission 
at  room  temperature,  the  incident  light  in  the  case  of  the  mirror 
was  computed  for  the  various  wave-lengths.  This  was  done  by 
assuming  that  the  ratios  of  the  intensity  of  incident  light  to  that  of 
the  transmitted  light  were  equal  in  the  two  cases. 

When  observing  fluorescence  window  W^  was  covered ;  and  the 
circuit  through  the  mercury  lamp  was  broken  when  measuring 
transmission. 

Screens  were  used  for  three  purposes : 

1.  To  prevent  any  light  reaching  the  prisms  except  through  the 
collimators.  To  this  end  the  spectro-photometer  was  completely 
boxed  in  by  pasteboard  covered  with  black  paper.  The  plan  view 
of  this  box  is  shown  in  Fig.  2. 

2.  To  prevent  any  light  entering  slit  S^  or  slit  5,  except  such  as 
came  through  window  W^  or  was  reflected  by  M^  from  Z.  To  in- 
sure this  window  W^  was  covered  and  M^  screened  from  L  and 
screens  were  then  erected  at  various  places  until  no  light  could  be 
distinguished  through  the  telescope  when  all  lights  to  be  used  were 
going  and  when  the  slits  of  both  collimators  were  wide  open. 

3.  To  render  the  room  as  dark  as  possible  in  order  to  bring  the 
eye  to  a  sensitive  condition  for  observation.  For  reading  verniers 
small  telephone  lamps  were  used  with  their  direct  light  screened 
from  the  eye. 

After  adjusting  the  position  of  the  spectro  photometer  to  secure 
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uniform  intensity  of  field  for  both  the  fluorescence  and  transmission, 
they  were  carefully  measured  at  room  temperature.  Then  a  trial 
was  made  to  find  the  effect  of  heating.  Rough  measurements 
showed  considerable  decrease  in  fluorescent  intensity  for  various 
parts  of  the  spectrum  for  a  change  of  about  200°  in  temperature. 
Twenty-four  hours  later  the  observations  for  room  temperature  were 
repeated  with  the  result  that  a  somewhat  greater  intensity  of  fluor- 
escence prevailed  throughout  the  main  band  of  the  fluorescence 
spectrum  than  in  the  previous  room  temperature  readings.  Heating 
then  to  300°  showed  again  a  considerable  reduction  in  fluorescent 
intensity.  A  third  set  of  readings  for  room  temperature,  taken 
twenty-four  hours  after  the  second  heating,  did  not  show  as  great 
an  intensity  as  the  second  set,  but  greater  than  the  first  set,  indi- 
cating that  the  hysteresis  effect  became  less  for  repeated  heatings. 
After  standing  a  few  days  the  readings  showed  a  nearer  return  to 
those  of  the  first  set. 

About  three  days  after  the  second  heating  the  intensities  of  fluor- 
escence and  transmission  at  room  temperature  were  again  measured 
throughout  the  fluorescent  spectrum.  Heat  was  then  applied  and 
in  order  to  save  time  and  finish  the  observation  in  one  day  —  for  it 
was  desirable  to  heat  the  glass  very  slowly — the  readings  for  the 
fluorescence  were  taken  while  the  temperature  was  changing.  The 
reading  for  temperature  was  taken  before  each  observation  for  fluor- 
escence. In  this  way  five  settings  for  each  wave-length  were  secured 
over  a  range  of  temperature  from  about  25°  to  about  360^.  The 
intensity  of  fluorescence  was  then  plotted  as  a  function  of  the  tem- 
perature for  each  wave-length  observed,  thirty-four  in  all.  From 
these  curves  the  fluorescence  for  any  temperature  between  the  above 
limits  could  be  read  off  even  though  no  setting  had  been  made  at 
that  particular  temperature. 

Observations  for  transmission  were  made  in  a  similar  manner  ex- 
cept that  the  temperature  was  kept  practically  constant  each  time 
for  all  parts  of  the  spectrum.  This  procedure  was  followed  in 
order  that  the  glass  might  be  under  excitation  during  the  greater 
portion  of  the  change  in  temperature. 

Over  two  weeks  later  a  similar  but  independent  set  of  observations 
were  made  over  the  same  range  of  temperature.     The  results  of 
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the  two  sets  of  observations  agreed  in  all  important  details  except 
that  the  fluorescence  at  room  temperature  was  somewhat  less  in  the 
second  set  and  showed  a  close  agreement  with  the  observations  made 
before  heating.  This  again  shows  that  although  the  fluorescence  at 
room  temperature  is  greater  shortly  after  heating  than  before,  yet  it 
gradually  returns  to  its  normal  value  if  allowed  to  stand. 

The  following  tables  and  curves  show  the  results  obtained  from 
the  last  set  of  observations.  The  questions  of  the  hysteresis  previ- 
ously mentioned,  the  gradual  return  to  normal  fluorescence,  and 
the  eflects  due  to  different  methods  of  excitation  and  observation  do 
not  directly  concern  this  paper  and  are  therefore  left  for  more  syste- 
matic investigation. 
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Fig.  3.  Cunre  I,  Intensity  of  transmission  for  A  =  .509^.  Cunre  2,*  Observed  inten- 
sity of  fluorescence  for  A  =  .530  ^. 

Table  I.  shows  the  intensity  of  incident  light  from  M^  (Fig.  2)  to- 
gether with  the  observed  transmitted  intensities  and  temperature  read- 

1  An  error  was  made  in  plotting  two  of  the  points  for  this  cunre.  The  points  having 
ordinates  of  123  and  65  should  have  been  placed  with  their  present  abscissa  at  133  and 
75  respectively,  as  reference  to  table  II  will  indicate.  The  incorrect  curve,  however, 
shows  the  general  nature  of  this  type  of  curves. 
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A 

/ 

T 

£/xo« 

T 
20 

ElifA 

T 

£/xo« 

T 

EfvA 

.417m 

404 

24 

11.7 

70 

15 

113 

189 

.420 

388 

22 

19 

71 

16 

.423 

370 

20 

18 

13 

.426 

296 

16 

13 

13 

11 

.429 

267 

13 

11 

11 

11 

.432 

278 

12 

10 

10 

10 

.436 

342 

12 

10 

9 

9 

.439 

370 

12 

10 

9 

9 

.443 

444 

12 

10 

9 

9 

.446 

407 

11 

9 

8 

9 

.450 

370 

11 

8 

8 

8 

.454 

370 

11 

9 

9 

8 

.458 

404 

12 

9 

9 

7 

.462 

404 

12 

10 

9 

7 

.466 

414 

13 

11 

10 

7 

.471 

448 

15 

13 

72 

10 

8 

.475 

455 

16 

13 

10 

8 

.481 

487 

15 

12 

12 

8 

.485 

432 

14 

12 

12 

8 

.491 

455 

16 

14 

12 

8 

.497 

502 

19 

16 

15 

10 

.502 

592 

24 

18 

17 

10 

.509 

703 

38 

30 

25 

15 

.516 

714 

54 

45 

39 

25 

.522 

707 

65 

56 

49 

50 

.530 

711 

68 

60 

56 

56 

.537 

721 

74 

69 

66 

64 

.545 

729 

78 

76 

75 

74 

.552 

776 

86 

85 

85 

84 

.560 

820 

94 

94 

93 

114 

94 

.569 

864 

99 

99 

99 

99 

.578 

835 

101.5 

101 

101 

101 

.587 

836 

104 

104 

104 

104 

.597 

831 

106 

11.9 

106 

72 

106 

114 

106 

189 

X  =  wave-length.     /=  incident  light.     T=  transmitted  light. 
-5  =  E.  M.  F.  in  micro-volts. 

ings  (in  terms  of  E.M.F.)  for  the  various  wave-lengths.  Table  II. 
shows  observed  values  of  fluorescence  intensity  and  temperature 
(E.M.F.)  for  the  same  wave  lengths. 

From  the  data  given  in  Tables  I.  and  II.  curves  were  drawn  for 
each  wave-length  showing  the  effects  of  temperature  upon  both  the 
transmission  and  fluorescence  intensities.     In  Fig.  3  are  shown  two 
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Table  IL 


A 

F^ 

ElJo* 

F^ 

£lio* 

Fo 

£lio* 
74 

^0 

£lio* 

^0 

£lio* 

.417/i 

43 

12 

29 

23 

17 

11 

122 

.420 

39 

27 

24 

16 

75 

11 

123 

.423 

31 

21 

25 

15 

76 

10 

124 

.426 

27 

20 

26 

14 

77 

12 

125 

10 

181 

.429 

27 

23 

27 

15 

78 

15 

127 

14 

182 

.432 

27 

27 

28 

24 

79 

24 

128 

19 

.436 

26 

24 

32 

20 

80 

19 

129 

17 

.439 

22 

19 

33 

18 

81 

15 

130 

12 

183 

.443 

15 

15 

34 

11 

82 

9 

132 

9 

.446 

14 

11 

35 

9 

83 

8 

133 

8 

.450 

14 

10 

36 

8 

84 

7 

134 

6 

.454 

12 

10 

37 

8 

85 

6 

135 

6 

.458 

12 

9 

38 

8 

86 

6 

136 

6 

.462 

12 

8 

39 

8 

86 

6 

137 

5 

184 

.466 

12 

8 

40 

8 

87 

6 

138 

5 

.471 

12 

8 

41 

8 

88 

6 

139 

5 

.475 

12 

9 

42 

8 

89 

6 

140 

5 

.481 

12 

9 

43 

9 

90 

7 

142 

5 

.485 

14 

11 

44 

9 

91 

7 

143 

5 

.491 

21 

17 

45 

12 

92 

8 

144 

5 

.497 

35 

26 

46 

17 

94 

7 

145 

5 

.502 

67 

12.5 

45 

47 

20 

95 

7 

146 

6 

.509 

90 

54 

48 

27 

96 

7 

147 

6 

.516 

114 

62 

50 

31 

97 

8 

148 

6 

185 

.522 

128 

68 

52 

32 

98 

8 

150 

6 

.530 

133 

75 

54 

34 

99 

11 

152 

8 

186 

.537 

142 

95 

57 

68 

101 

57 

153 

51 

.545 

136 

99 

58 

86 

104 

65 

155 

60 

.552 

111 

84 

60 

80 

106 

61 

157 

53 

187 

.560 

79 

53 

61 

48 

107 

38 

159 

36 

.569 

62 

40 

62 

37. 

108 

34 

161 

29 

188 

.578 

43 

33 

63 

35 

109 

29 

168 

26 

.587 

29 

22 

64 

25 

110 

26 

169 

24 

.597 

19 

12.5 

19 

65 

19 

111 

19 

170 

17 

189 

P.  =  wave-length.     /^  =  observed  fluorescence.     ^  =  E.  M.  F.  in  micro-volts. 

of  these  curves.  Curve  i  represents  the  transmission  intensity  for 
X  =  .  509  /I,  curve  2  the  observed  fluorescence  intensity  for  >l  =  .  530  fit. 
From  the  68  curves  similar  to  those  just  mentioned  the  intensities 
of  transmission  and  fluorescence  were  read  off"  for  seven  different 
temperatures  ranging  from  25^  C.  to  350^  C*  The  change  in  trans- 
mitted intensity  due  to  temperature  was  rather  small  in  some  parts 

» See  Table  III. 


Digitized  by 


Google 


370 


R,  C,  GIBBS. 


[Vol.  XXVUI. 


of  the  spectrum.  Consequently  only  the  intensities  at  25°  and  350° 
as  shown  in  Fig.  4  have  been  plotted.  The  curves  for  the  inter- 
mediate temperatures  would  lie  between  these  two  curves  and  the 
data  indicate  that  for  all  temperature  changes  the  change  in  absorp- 
tion was  in  the  same  direction  for  all  wave-lengths. 

The  curves  in  Fig.  4  show  that  the  absorption  band  becomes 
somewhat  wider  on  heating  and  that  the  absorption  for  nearly  all 
wave  lengths  for  which  the  glass  shows  fluorescence  ^  increases  when 
the  temperature  is  raised. 


ff  ':  Jf    ^  ';i§. 


Fig.  4.  Showing  effect  of  temperature  on  transmission  intensity. 

Since  a  portion  of  the  fluorescent  light  is  absorbed  by  the  glass 
before  reaching  the  slit  of  the  collimator,  it  is  necessary  to  apply  a 
correction  to  the  observed'  fluorescence  to  find  the  typical  fluores- 
cence spectrum.  Before  explaining  how  this  correction  was  made, 
it  is  necessary  to  define  the  term  coefficient  of  absorption  as  it  was 
used  in  this  connection  and  also  to  derive  the  expression  from 
which  the  coefficient  of  absorption  was  computed. 

The  following  is  a  derivation  of  what  is  known  as  Lambert's 
law  of  absorption. 

Let  /=  intensity  of  incident  light. 

J  See  Fig.  8. 
«  See  Table  III. 
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7^=  intensity  of  this  light  after  it  has  traversed  a  substance  of 
thickness  x. 

—  rf/  =  amount  of  change  in  intensity  of  light  when  transmitted 
through  thickness  dx.  Then  it  is  evident  that  dl^  is  pro- 
portional to  both  /^  and  dx,  L  e,^  —  dl^  =  ^  /^^atr  wherein 
^  may  be  defined  as  the  coefficient  of  absorption  of  the 
substance  for  any  single  wave-length  of  light. 

Therefore, 

T 
log7=  -  ?x 


T 
I 


--^e-^' 


^^  log/-logr 

The  values  of  ^  for  the  various  wave-lengths  and  temperatures  * 
were  computed  according  to  the  above  formula  wherein  x  had  the 
value  of  2.88  cm. 

If  5  is  any  point  in  the  slit  (Fig.  5),  the  source  of  light  reaching 
this  point  consists  of  a  frustum  of  a 
cone  in  the  fluorescent  glass  which, 
if  completed,  would  have  this  point  for 
its  vertex.  The  solid  angle  of  the 
completed  cone  is  fixed  by  the  size  of  ^'   ' 

the  object  glass  of  the  collimator.  If  any  of  the  rays  of  light  in  this 
cone  are  intercepted  by  the  sides  of  the  glass  the  loss  will  be 
counterbalanced  by  total  internal  reflection.* 

If  there  were  no  absorption  the  amount  of  light  which  would 
reach  the  point  5  (Fig.  6)  from  a  small  frustum  of  a  cone  of  height 
dx  and  located  x  distance  from  5  would  be  F/ix  where  F^  is  a  func- 
tion of  the  wave-length.     This  amount  is  independent  *  of  jr  because 

» See  Table  III. 

*  Wick,  Frmoces  G.,  Phys.  Rev.,  Vol.  24,  No.  4,  1907. 
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the  area  of  the  middle  section  of  this  small  frustum  varies  as  x^  and 
the  intensity  of  light  reaching  5  from  each  infinitesimal  portion  of 
this  frustum  varies  as  i/;rl 


Fig.  6. 

Since  there  is  absorption,  the  light  di  which  reaches  5  from  the 
small  frustum  is  expressed  in  the  following  equation : 

The  total  light  reaching  5  from  the  whole  frustum  is 

where  b—-  a  equals  the  height  of  the  frustum  of  the  cone  under 
excitation.     Therefore 


and 


/^  = 


r-3«  —  e-3*' 


Although  i  represents  the  amount  of  light  reaching  an  infini- 
tesimal part  of  the  slit,  yet  the  total  light  reaching  the  slit  is  pro- 
portional to  /,  i,  e.,  /=  AT^. 
Therefore 

or  omitting  the  constant  A'  in  as  much,  if  known,  it  would  affect 
only  the  scale  to  which  the  results  might  be  plotted,  we  have 


F  = 


-»'  _  »-*» ' 
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wherein  F^  represents  the  observed  fluorescence  intensity,  F^  the 
fluorescence  corrected  for  absorption,  ^  the  coefficient  of  absorption, 
a  and  b  the  distances  as  shown  in  Fig.  6.  The  numerical  value  for 
av&  .11  cm.  and  for  b  2.77  cm. 

Table  III.^ 


/ 

/ 

T 

^ 

F^ 

F. 

25 

714 

54 

.8% 

114 

YiA,l 

75 

50 

.923 

79 

88.2 

125 

47 

.945 

52 

59.5 

175 

43 

.976 

32 

37.5 

225 

39 

1.009 

18 

21.8 

275 

34 

1.057 

10 

12.7 

350 

714 

26 

1.150 

6 

8.2 

For  wave-length  =-.516^.  /  =  temperature.  /=  incident  light.  7"=  transmitted 
light  (obtained  from  curves  similar  to  (1)  Fig.  3).  /3 -=  coefficient  of  absorption. 
/^^ observed  fluorescence  (obtained  from  curves  similar  to  (2)  Fig.  3).  /«  =  fluores- 
cence corrected  for  absorption. 

Table  III.  shows  a  few  of  the  values  of  F^  computed  according 
to  the  above  formula. 

The  effect  on  the  intensity  of  fluorescence  of  correcting  for  ab- 
sorption is  very  slight  as  the  curves  in  Fig.  7  indicate.  The  most 
important  result  is  a  small  shift  of  the  band  toward  the  violet. 

The  typical  fluorescence  curves  in  Fig.  8  show  for  the  lower  tem- 
peratures a  rather  large  and  somewhat  irregular  band  in  the  yellow 
green  portion  of  the  spectrum  and  a  smaller  one  in  the  region  of  the 
violet  The  larger  band  shows  considerable  change  in  size  and  shape 
at  the  higher  temperatures.  The  maximum  for  the  band  shifts  slightly 
toward  the  red  with  rising  temperature  and  the  fluorescence  between 
.49 II  and  .55  ;i  is  practically  destroyed  at  350°.  The  fluorescence 
in  the  region  of  .49  /i  remained  practically  constant  during  the 
change  in  temperature.  The  intensity  of  light  at  .417  ;£  became 
considerably  smaller  with  rise  of  temperature,  yet  too  much  depen- 
dence should  not  be  placed  upon  the  absolute  values  of  results  ob- 
tained at  this  region  of  the  spectrum  because  of  the  faintness  of  the 
light. 

The  persistence  of  the  fluorescence  at  the  .545  fi  together  with  its 

^  This  table  serves  as  a  specimen  of  indirectly  observed  and  computed  values  which 
were  obtained  for  the  34  wave-lengths  measured. 
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rather  rapid  falling  off  at  the  higher  temperatures  on  either  side  of  this 
wave-length,  made  it  seem  desirable  to  investigate  whether  the  glass 
was  in  some  way  transmitting  light  from  the  green  line  {X  =  .546  fi) 
of  the  mercury  arc,  although  no  sudden  rise  in  intensity,  often  found 
in  similar  cases,  had  been  observed  in  the  immediate  neighborhood 
of  this  wave-length. 


^ 

^(\ 
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t       X 
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t        \ 
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^                     jt               ^L 

3u               J                 A 

^^                li                     (a\-m 

^^^^S^Jt                   -ly^ 

C^^-^^^-v                             ^ 

6 

Fig.  7.  Fluorescence  at  25® 
corrected  for  absorption. 


Curve  I ,  Observed  fluorescence.  Curve  2,*  Fluorescence 


To  do  this  a  methyl  violet  glass  which  completely  absorbed  the 
light  from  both  the  bright  green  and  yellow  lines  of  the  mercury 
arc  was  placed  between  the  lamp  and  the  fluorescent  glass  and  the 
fluorescence  for  this  part  of  the  spectrum  measured,  i.  e.,  from  .5  fx 
to  .6  fJL.  Although  the  ordinates  of  the  curve  thus  obtained  were 
somewhat  less  than  those  of  the  curve  obtained  without  the  violet 
glass,  which  was  probably  due  to  the  absorption  of  the  exciting 
light,  yet  the  ratio  of  the  ordinates  in  the  two  curves  was  practi- 
cally constant.     Therefore  it  is  evident  that  the  amount  of  light 

*  A  slight  error  was  made  in  plotting  one  of  the  points  for  this  curve.  The  point  hav- 
ng  an  abscissa  of  .51  ^  should  have  been  placed  with  the  same  ordinate  at  .509  fi. 
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from  the  green  line  of  the  mercury  arc  transmitted  by  the  glass  is 
exceedingly  small. 

The  changes  in  the  shape  of  the  curves  (Fig.  8)  in  the  region 
from  .5  /I  to  .53  ;i  serve  to  indicate  that  the  main  fluorescence  band 
is  made  up  of  two,  if  not  three,  bands  very  close  together.  How 
much  these  bands  may  overlap  is  diflicult  to  say,  but  the  changes 
due  to  temperature  may  be  explained  by  assuming  that  one  of  these 
bands  located  at  about  .545  ;<  is  very  slightly  affected  by  heating 


fOC -    ; 


^ 


A?/.  ■■"■ 


Fig.  8.  Fluorescence  corrected  for  absorption. 


■■wJ\v 


m 


and  the  other  two,  if  there  are  two,  have  their  intensity  practically 
destroyed  by  a  temperature  of  350°.  If  we  should  assume  further 
that  the  intensity  of  the  band  at  .545  /i  was  slightly  increased  by  a 
rise  in  temperature  and  that  its  recovery  did  not  keep  pace  with  the 
fall  of  temperature  on  cooling  it  is  possible,  in  the  first  place,  to 
account  for  the  constant  value  of  the  fluorescence  with  rising  tem- 
perature in  the  region  of  .59//  and  in  the  second  place  to  explain 
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the  hysteresis  effect  previously  mentioned.     This  is,  however,  only 
a  conjecture  which  further  investigation  may  show  to  be  false. 

The  band  which  shows  a  maximum  at  about  .433  fi  may  be  due 
to  the  transmission  of  light  from  the  mercury  arc  which  has  a  bright 
line  at  about  that  wave-length.  In  as  much  as  that  line  is  probably 
very  effective  in  exciting  fluorescence  this  possibility  could  not  be 
tested  as  in  the  case  of  the  green  line.  That  this  is  not  the  only 
explanation  for  this  band  is  evidenced  by  the  fact  that  the  intensity 
at  the  maximum  increases  slightly  with  a  rise  of  temperature  whereas 
the  absorption  for  that  wave-length  increases. 

Summary. 
The   essential  results  of  these  observations  may  be  stated  as 
follows : 

1.  Increase  of  temperature  produces  an  increase  in  the  absorption 
in  the  greater  part  ol  the  spectrum  measured  and  a  widening  of  the 
absorption  band. 

2.  There  is  a  large  and  irregular  shaped  fluorescence  band  in 
the  yellow-green  portion  of  the  spectrum  and  a  smaller  band  in  the 
violet. 

3.  The  typical  fluorescence  for  the  larger  band  shows  for  increas- 
ing temperature  a  slight  shift  in  its  maximum  toward  the  red. 

4.  The  changes  in  the  typical  fluorescence  when  the  glass  is 
heated  seem  to  indicate  that  the  yellow-green  band  consists  of  two 
or  more  overlapping  bands  which  are  affected  differently  by  a  rise 
of  temperature. 

5.  The  glass  shows  a  somewhat  higher  intensity  of  fluorescence, 
especially  in  the  region  of  the  main  band,  immediately  after  cooling 
than  before  heating.     It  then  gradually  returns  to  its  normal  value 

The  author  wishes  to  express  his  gratitude  to  Professors  Nichols, 

Merritt  and  Shearer  for  their  many  helpful  suggestions. 

Physical  Laboratory, 
Cornell  University. 


Digitized  by 


Google 


No.  5.]  THE  AMERICAN  PHYSICAL  SOCIETY,  ^jy 


PROCEEDINGS 

OF  THE 

American  Physical  Society. 

The  Radiation  from  Neutral  Electric  Systems. 
By  Daniel  F.  Comstock. 

THE  present  paper  forms  part  of  an  attempt  to  determine  what  prop- 
erties of  matter  can  be  explained  by  the  single  assumption  that 
the  atoms  are  electric  systems. 

It  seems  probable  that  many  of  the  special  assumptions  which  have 
been  made  with  regard  to  atomic  structure  are  '*  indifferent  hypotheses  " 
and,  therefore,  "  cancel  out  "  of  the  final  result.  If  this  be  the  case 
such  special  assumptions  lie  as  obstacles  in  the  path  of  ultimate  explana- 
tion, notwithstanding  the  feet  that  they  may  greatly  aid  the  imagination 
at  intermediate  stages. 

The  electric  systems  here  considered  are  rigid  and  do  not  rotate  but 
they  may  have  any  distribution  of  charge  whatever  consistent  with  the 
word  "  neutral  **  which  here  means  that  there  is  to  be  in  the  system  as 
much  positive  as  negative  electricity. 

It  can  be  shown  that  such  rigid  ''  neutral "  electric  systems  in  general 
radiate  energy  when  in  random  motion.  It  has  long  been  known  that  a 
moving  point  charge,  the  velocity  of  which  is  not  too  great,  radiates 
energy  at  a  rate  proportional  to  the  square  of  the  charge  and  to  the 
square  of  the  acceleration.  If  two  equal  point  charges  of  opposite  sign 
are  rigidly  bound  together  at  a  finite  distance  from  one  another  the  wave 
of  radiation  from  one  interferes  with  the  wave  from  the  other  but  does 
not  completely  neutralize  it. 

This  failure  to  neutralize  follows  from  the  fact  that  the  two  charges  are 
at  different  distances  from  the  point  P  at  which  the  radiation  is  to  be 
measured,  and  hence  the  two  waves  which  reach  P  together  do  not  leave 
their  respective  charges  at  the  same  time  and  hence,  if  the  acceleration  of 
the  system  is  changing  with  the  time,  the  amplitudes  of  the  two  waves  will 
not  be  the  same  and  they  cannot  therefore  completely  annul  each  other. 

1  Abstract  of  a  paper  preseDted  at  the  Baltimore  meeting  of  the  Physical  Society, 
December  28-31,  i9oi8. 
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The  effect  is  seen  to  be  one  of  a  higher  order  than  that  of  a  single  point 
charge.  Indeed,  as  has  been  hinted,  the  resulting  wave  amplitude  depends 
on  the  rate  of  change  of  the  acceleration  and  not  on  the  acceleration  itself. 

The  rate  of  energy  radiation  from  this  system  will  therefore  be  propor- 
tional to  the  square  of  the  rate  of  change  of  the  acceleration. 

By  means  of  considerations  similar  to  those  outlined  above,  it  can  be 
shown  that  the  amplitude  of  the  radiation  wave  from  any  neutral,  rigid 
electric  system  involves  a  series  of  terms  of  the  form 

c^  da       c^   d^a       c^    d^a 

y'di'    y''  ~dt''    v^  ~di^'   ^    ' 

where  a  is  the  acceleration  of  the  rigid  system,  V  is  the  velocity  of  light 
and  c^y  c^y  r,,  etc.,  are  constants  depending  on  the  structure  of  the  system. 

The  nature  of  the  constants  ^,,  <:,,  r,,  etc. ,  is  of  considerable  interest. 
Analysis  shows  that  the  constant  c^  depends  on  the  electric  moment  of  the 
system.  The  term  "  electric  moment  **  is  here  used  in  the  ordinary  sense 
in  which  magnetic  moment  is  so  commonly  employed. 

The  constant  c^  is  somewhat  similar  to  a  moment  of  inertia  in  which 
electric  charge  elements  take  the  place  of  mass  elements.  Its  value  is  of 
most  importance  when  the  moment  of  the  system  is  zero,  /.  e. ,  when  the 
constant  c^  s  o.  When  this  condition  holds  it  can  be  shown  that  r,  is 
entirely  independent  of  the  axes  chosen  and  is  therefore  a  fundamental 
constant  of  the  system. 

It  can  be  shown  that  this  term  (the  one  involving  r,)  is  probably  the 
prevailing  one  in  the  radiation  from  real  atoms  if  they  are  in  reality  pure 
electric  systems.  This  makes  the  amplitude  of  the  radiation  wave  pro- 
portional to 

d^a 
df 

and  the  energy  radiated  from  the  atom  per  second  proportional  to 


(S)' 


It  is  interesting  to  note  that  in  terms  of  space  and  velocity  the  above 
expression  involves  the  eighth  power  of  the  latter.  This  is  the  fourth 
power  of  the  absolute  temperature  and  suggests  harmony  with  Stefan's  law. 

It  can  also  be  shown  on  this  basis  that  if  a  number  of  atoms  have  a 
similar  geometrical  structure  and  move  in  the  same  way,  the  rate  of 
energy  radiation  from  each  will  be  proportional  to  its  electromagnetic 
mass  and  to  the  fifth  power  of  any  linear  dimension. 
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On  the  Radioactive  Deposits  from  Actinium.^ 
By  Professor  J.  C.  McLbnnan. 

IN  the  course  of  some  experiments  which  Mr.  W.  T.  Kennedy  has 
been  making  at  Toronto,  during  the  past  few  months,  he  has  found 
a  marked  similarity  in  the  active  deposits  obtained  on  positively  and 
negatively  charged  electrodes  placed  within  an  air-tight  vessel  and  sub- 
jected to  the  influence  of  the  active  emanation  issuing  from  a  sample  of 
actinium. 

In  his  experiments  the  electrodes  consisted  of  two  small  circular  brass 
discs  provided  with  guard  rings  of  the  same  metal  and  placed  parallel  to 
each  other  at  a  distance  of  2  mm.  apart.  The  discs  during  an  exposure 
were  placed  with  their  planes  vertical  and  directly  over  an  open  metal 
tube  1.5  cm.  in  diameter  with  the  edges  of  the  guard  rings  almost  in 
contact  with  the  edges  of  the  upper  end  of  the  tube.  The  salt  used  was 
carried  in  a  small  tray  which  could  slide  freely  up  and  down  the  tube  and 
by  means  of  a  clamp  be  supported  at  any  required  distance  from  the  discs. 

In  carrying  out  a  set  of  experiments  on  the  effect  of  varying  the  pres- 
sure of  the  air  in  the  vessel  containing  the  discs  and  the  salt,  it  was  found 
at  high  pressures  that  the  active  deposit  appeared  almost  entirely  on  the 
negative  electrode.  As  the  pressure  was  decreased,  however,  the  active 
deposits  on  both  electrodes  increased  and  ultimately  at  certain  definite 
pressures,  which  were  different  for  the  two  electrodes,  reached  maximum- 
values.  When  the  pressures  were  still  further  lowered,  the  amounts  of 
the  deposit  received  on  both  electrodes  rapidly  decreased  and  finally  ap- 
proached equality.  Curves  showing  the  active  deposits  obtained  on  each 
of  the  electrodes  in  a  particular  set  of  experiments  in  air  at  different  pres- 
sures are  given  in  Fig.  i,  and  from  them  it  will  be  seen  that  in  the  region 
of  lowest  pressures  the  deposits  on  the  negative  electrode  were  but  slightly 
greater  than  those  obtained  on  the  positive  at  corresponding  pressures. 
At  the  lowest  pressure  investigated  the  deposit  on  the  negative  electrode 
was  only  about  3  per  cent,  greater  than  that  obtained  on  the  positive 
plate. 

In  this  set  of  measurements  the  salt  was  placed  at  a  distance  of  i  cm. 
below  the  plates,  and  a  potential  difference  of  250  volts  was  applied  to 
the  two  electrodes  during  each  of  the  exposures. 

Under  these  conditions  the  maximum  activity  was  obtained  on  the 
negative  electrode  at  a  pressure  of  about  8  cms.  of  mercury  while  the 
maximum  deposit  on  the  positive  electrode  was  not  obtained  until  the 
pressure  was  reduced  to  i  cm.  of  mercury.  It  will  be  seen  that  in  this 
case  the  maximum  activity  obtained  on  the  negative  electrode  was  about 
2.75  times  the  maximum  activity  obtained  on  the  positive  terminal. 

1  Abstract  of  a  paper  presented  at  the  Baltimore  meeting  the  of  Physical  Society,. 
December  28-31,  1908. 
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In  a  second  set  of  measurements  with  air  the  electrodes  were  kept  at  a 
fixed  distance  apart,  2  mm.,  and  the  salt  was  placed  at  a  series  of  differ- 
ent distances  below  the  exposed  plates.  Such  observations  were  taken 
in  air  at  pressures  both  above  and  below  those  corresponding  to  the  maxi- 
mum deposits  on  the  two  electrodes  and  in  every  case  it  was  found  that 
as  the  distance  between  the  plates  and  the  salt  was  increased  the  intensity 
of  the  active  deposits  obtained  on  both  plates  rapidly  decreased. 
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Fig.  I. 

Exposures  were  also  made  in  carbon  dioxide  and  curves  drawn  from 
the  results  obtained  with  this  gas  are  shown  in  Fig.  2.  From  them  it 
will  be  seen  that  the  maximum  activities  on  the  two  electrodes  were  ob- 
tained at  slightly  lower  pressures  than  in  air,  and  that  the  maximum 
activities  obtained  on  both  electrodes  in  this  gas  were  somewhat  less  than 
those  obtained  on  the  same  two  electrodes  in  air. 

From  the  rapid  decrease  in  the  active  deposits  which  were  obtained  in 
bothjgases  at  the  lower  pressures  it  seems  probable  that  with  the  arrange- 
ment of  apparatus  used  and  with  the  relative  distances  between  the  vari- 
ous parts  adopted  both  electrodes  would  show,  at  most,  very  small 
activities  if  the  exposures  were  made  in  high  vacua. 
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In  all  the  experiments  at  the  various  pressures  in  the  two  gases  the  discs 
were  exposed  for  two  hours  to  the  action  of  the  emanation  from  the 
actinium  before  being  removed  from  the  exposing  vessel  for  measurement 
and  the  various  readings  from  which  the  curves  shown  in  Figs,  i  and  2 
were  drawn  correspond  to  the  intensities  of  the  activity  of  the  deposit 
on  the  discs  ten  minutes  after  the  exposures  ceased.  The  actinium  salt 
used  was  obtained  from  the  Chininfabrik  at  Braunschweig,  and  the  active 
deposits  on  both  electrodes  were  found  to  have  a  decay  period  of  approx- 
imately 39  minutes. 
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Fig.  2. 

As  to  an  interpretation  of  the  results  it  would  seem  since  the  active 
deposit  at  very  low  pressures  is  approximately  equally  divided  between 
the  two  electrodes,  that  the  active  deposit  particles  at  these  pressures  are 
to  a  great  extent  uncharged.  From  the  initial  increase  in  the  amolint  of 
the  deposits  obtained  on  the  two  electrodes  it  would  seem  too  that  the 
active  deposit  particles  become  charged  in  their  passage  through  the  gas 
and  that  on  becoming  charged  their  rate  of  diffusion  is  increased.  The 
difference  in  the  amounts  of  the  deposits  obtained  on  the  two  electrodes 
could  on  this  hypothesis  be  ascribed  to  differences  in  the  rate  of  diffusion 
of  the  oppositely  charged  active  deposit  particles. 
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The  assumption  by  which  the  active  deposits  obtained  on  the  electrodes 
are  attributed  to  diffusion  of  the  charged  active  deposit  particles  rather 
than  to  a  diffusion  of  the  emanation  under  the  various  circumstances  cited, 
seems  warrantable  in  view  of  the  short  decay  period  of  the  emanation. 
Physical  Laboratory, 

University  of  Toronto, 
February  6,  1909. 


The  Resistance  of  Certain  Electrolytes  in  a  Magnetic 

Field.' 

By  w.  w.  Stifler. 

THE  fact  that  most  metals  when  placed  in  a  magnetic  field  suffer  a 
change  in  resistance  suggests  that  a  similar  effect  might  be  pro- 
duced in  liquid  conductors.     This  was  first  investigated  by  Neesen  '  and 

later  by  Bagard.'  Quite  recently 
a  very  exhaustive  investigation 
for  mercury,  molten  bismuth, 
and  various  electrolytes  was  pub- 
lished by  Berndt.'  He  used  an 
alternating  current  method,  and 
fields  as  high  as  3,000  c.g.s. 
units.  His  results  were  negative. 
In  the  present  investigation, 
dilute  solutions  (about  i/ioo 
molal)  of  cobaltous  chloride, 
ferric  chloride,  and  copper  sul- 
phate were  tested.  The  mag- 
netic field  was  obtained  from  a 
large  electromagnet  of  the  Du 
Bois  type.  The  conical  pole 
pieces  were  about  2.5  cm.  in 
diameter  at  the  smaller  end. 
The  average  field  as  measured 
by  a  Hartmann  and  Braun  bis- 
muth spiral  was  about  20,000 
c.g.s.  units. 

The  electrolyte  was  enclosed  in  a  specially  constructed  cell  which  per- 
mitted a  considerable  length  of  the  electrolyte  to  be  placed  in  the  field 

'Abstract  of  a  paper  presented  at  the  Evanston  meeting  of  the  Physical  Soc  ety, 
November  28,  1908. 

>  Wied.  Ann.,  ▼.  23,  pp.  482-490,  1884. 
*Comp.  Rend.,  v.  128,  pp.  91-93,  1899. 
•Ann.  d.  Phys.,  v.  23,  pp.  932-950»  ^907- 
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without  introducing  any  effects  due  to  induction.  It  also  avoided  as  far 
as  possible  any  effects  due  to  the  mechanical  action  of  the  field  on  the 
current.  The  construction  of  the  cell  is  shown  in  Fig.  i .  The  cell  was 
of  hard  rubber  with  glass  faces  cemented  on  with  de  Khotinsky's  cement. 
The  grooves  were  about  2  mm.  by  2  mm.  in  cross-section.  The  ends  of 
the  pole  pieces  of  the  magnet  entirely  covered  the  central  part  of  the  cell. 
When  finished,  the  cell  was  about  i  cm.  thick.  Platinum  electrodes 
were  used.  These  were  cleaned  with  hydrochloric  acid,  washed  with 
distilled  water,  and  heated  to  redness  before  each  set  of  readings. 


Fig.  2. 

The  cell  when  filled  with  the  electrolyte  had  a  resistance  of  from 
100,000  to  500,000  ohms.  Owing  to  this  excessively  high  resistance,  it 
was  impossible  to  use  an  alternating  current  method.  The  cell  was  con- 
nected as  one  arm  of  a  Wheatstone's  bridge  of  which  the  ratio  arms  were 
10,000  ohms  each.  At  first  a  second  cell  in  every  way  identical  with  the 
one  just  described  was  used  as  part  of  the  balancing  arm  of  the  bridge. 
This  proved  very  unsatisfactory,  as  it  was  impossible  to  obtain  even  an 
approximate  balance.  Although  an  aperiodic  galvanometer  was  used,  the 
index  would  wander  all  over  the  scale  in  a  most  erratic  manner.  How- 
ever, on  substituting  resistance  boxes  for  the  balancing  cells,  the  gal- 
vanometer became  very  much  more  steady,  though  it  still  showed  a  ten- 
dency to  drift  steadily  in  one  direction  or  the  other. 

Measurements  were  taken  as  follows.  The  battery  and  galvanometer 
keys  were  closed  for  a  few  minutes  and  as  exact  a  balance  as  possible  was 
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obtained.  Then,  with  both  circuits  permanently  closed,  the  galvan- 
ometer reading  was  taken  at  half-minute  intervals  for  five  minutes.  The 
magnetic  field  was  then  thrown  on  and  the  readings  were  continued  for 
one  and  one-half  or  two  minutes,  after  which  readings  were  taken  without 
the  field  for  five  minutes,  and  then  again  with  the  field  thrown  on.  A 
set  of  readings  usually  covered  from  25  to  45  minutes.  The  galvanometer 
was  calibrated  before  and  after  each  set  of  readings  by  increasing  one  arm 
of  the  bridge  by  a  known  resistance.  These  results  showed  that  the  error 
introduced  by  assuming  that  the  change  in  resistance  was  proportional  to 
the  change  in  deflection  of  the  galvanometer  was  within  the  errors  of  the 
method. 

From  these  data  the  resistance  of  the  electrolyte  at  half-minute  inter- 
vals was  calculated,  and  curves  were  plotted,  using  time  and  resistance  as 
coordinates.  The  general  form  of  these  curves,  a  specimen  of  which  is 
given  in  Fig.  2,  shows  at  first  an  increase  in  resistance  and  then  a  de- 
crease in  the  resistance  of  the  electrolyte.  The  former  is  probably  due 
to  polarization ;  the  latter  to  a  slight  rise  in  temperature,  although  the 
cell  was  packed  in  cotton  wool  during  the  readings,  and  ample  time  was 
allowed  to  insure  thermal  equilibrium  before  a  set  of  readings  was 
commenced. 

The  curves  show  an  abrupt  change  in  resistance  when  the  field  is 
thrown  on.     This  is  an  average  decrease  in  resistance  of  approximately 


0.23  per  cent,  in  cobaltous  chloride,  and  0.26  per  cent,  in  ferric  chloride. 
This  change  is  independent  of  the  direction  of  the  field  and  of  the  direc- 
tion of  the  current  through  the  bridge.  In  copper  sulphate  the  change 
in  resistance  is  independent  of  the  direction  of  the  field,  but  is  reversed 
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in  sign  when  the  direction  of  the  current  through  the  bridge  is  reversed. 
This  shows  that  the  change  is  not  a  true  alteration  in  resistance  but  is 
due  to  some  secondary  effect.  It  seems  probable  that  the  effects  noticed 
in  cobaltous  chloride  and  ferric  chloride  were  due  to  some  similar  cause. 

Tests  made  with  the  field  parallel  to  the  lines  of  flow  showed  a  change 
which  was  reversed  in  sign  in  all  cases  by  reversing  the  direction  of  the 
current  through  the  bridge.  The  fields  used  in  these  tests  were  as  high 
as  3,300  c.g.s.  units  with  the  air  gap  of  7.5  cm. 

It  is  thus  concluded  that  in  magnetic  fields  of  strengths  up  to  20,000 
c.g.s.  units  there  is  no  evidence  of  any  change  of  electrical  resistance  in 
these  electrolytes. 

This  investigation  was  carried  out  at  the  University  of  Illinois  under 
the  general  direction  of  Professor  A.  P.  Carman,  to  whom  the  author  is 
indebted  for  the  apparatus  and  facilities  as  well  as  for  many  suggestions. 
Physical  Laboratory, 

University  of  Ilunois, 
June  I,  1908. 

The  Longitudinal  Pressure  of  Sound  Waves.^ 
By  Elmer  E.  Hall. 

A  SIMPLE  method  of  showing  the  longitudinal  pressure  of  sound 
waves  has  been  given  by  Professor  Wood.'  The  method,  in  which 
the  vanes  of  a  light  mill-wheel  and  an  electric  spark  are  placed  in  con- 
jugate foci  with  reference  to  a  concave  mirror,  gives,  however,  not  the 
longitudinal  pressure  of  a  train  of  sound  waves  but  rather  that  due  to  a 
rapid  succession  of  sound  pulses. 

The  longitudinal  pressure  of  a  train  of  sound  waves  coming  from  a 
vibrating  tuning  fork  may  readily  be  shown  as  a  lecture-room  experiment. 
To  do  this  the  following  simple  arrangement  is  suggested.  A  torsion 
balance  scheme  is  used.  A  finely  drawn  out  glass  tube,  ten  or  more  centi- 
meters long,  has  a  thin  piece  of  mica  two  or  three  centimeters  square 
glued  to  one  end  and  a  compensating  piece  of  soft  wax  at  the  other  end. 
A  small  light  mirror  attached  at  the  point  of  balance,  with  a  quartz  or 
single  silk  fiber  attached  to  the  mirror,  completes  the  suspension  system. 
The  suspension  may  be  mounted  in  a  box  of  suitable  size,  with  a  tube  to 
hold  the  fiber,  the  upper  end  of  the  fiber  being  attached  to  a  short  rod 
passing  through  a  cork  thus  permitting  of  easy  adjustment.  One  side  of 
the  box  should  be  covered  with  loosely  stretched  rubber  dam,  and  another 
side  provided  with  a  glass  window.     The  glass  window  serves  the  double 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
February  27,  1909. 

«Phys.  Rkv.,  Vol.  20,  p.  113. 
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purpose  of  allowing  the  passage  of  a  beam  of  light  to  and  from  the  re- 
flecting mirror  and  of  enabling  one  to  see  when  the  mica  vane  is  in  proper 
adjustment.  The  mica  vane  i^set  parallel  with  the  side  of  the  box 
covered  with  rubber  dam,  and  through  a  hole  in  the  rubber  dam  a  short 
heavy  brass  rod  of  about  the  same  cross-sectional  area  as  the  vane  is  in- 
serted with  the  end  face  parallel  with,  and  one  or  two  centimeters  away 
from,  the  vane.  The  other  end  of  the  brass  rod  is  outside  the  box,  the 
rod  being  held  in  place  by  a  clamp  attached  to  a  ring  stand. 

If  a  beam  of  light  be  reflected  from  the  mirror  and  a  vibrating  tuning 
fork  held  firmly  against  the  brass  rod  a  deflection  will  be  obtained  show- 
ing that  the  vane  has  been  pushed  farther  away  from  the  rod.  The  vibra- 
tions communicated  longitudinally  to  the  rod  are  in  turn  communicated 
to  the  air  and  fall  upon  the  vane.  The  purpose  of  the  rubber  dam  is  to 
prevent  the  material  of  the  box  being  set  in  vibration.  The  writer  used 
a  Konig  fork  of  256  complete  vibrations  per  second  and  obtained  on  a 
wall  20  feet  from  the  mirror  deflections  of  from  6  to  10  feet.  The  spot 
of  light  does  not  move  for  two  or  three  seconds  after  the  vibrating  fork 
is  in  position,  then  moves  quickly  to  the  position  for  maximum  displace- 
ment for  this  intensity,  returning  slowly  to  the  zero  position  as  the  vibra- 
tions die  out. 

University  of  California, 
Department  of  Physics. 

Change  of  Intensity  and   Rate  of  Decay  of  Gas  Phosphor- 
escence WITH  Variation  of  Gas   Pressure.* 

By  C.  C.  Trowbridge. 

IN  a  previous  abstract'  the  author  described  a  new  form  of  photometer 
which  was  specially  designed  to  measure  the  rate  of  decay  of  phos- 
phorescence. Results  of  measurements  on  gas  phosphorescence  were 
presented  giving  the  law  of  decay.  It  was  shown  that  the  experiments 
indicated  that  "afterglows"  in  gases  were  cases  of  true  phosphorescence 
such  as  is  found  in  solids,  and  that  the  law  of  decay  is  exactly  the  same, 
namely : 

I 


/= 


(a+dty 


In  the  case  of  solids,  however,  the  rate  of  decay  usually  abruptly 
changes  somewhere  in  the  decay  curve  as  first  shown  by  Nichols  and 
Merritt,  the  decay  being  slower  for  long-time  than  for  short-time  phos- 
phorescence. This  was  verified  by  using  the  photometer  to  measure  the 
decay  of  phosphorescent  zinc  sulphide. 

1  Abstract  of  a  paper  preseDted  at  the  New  York  meeting  of  the  Physical  Society, 
February  27,  1909. 
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A  Study  of  many  curves  formed  by  the  author  of  decay  of  gas  phos- 
phorescence seems  to  show  that  the  rate  of  decay  is  the  same  for  a  con- 
siderable range,  that  is,  b  is  constant,  at  least  from  about  one  half  to  one 
two-hundredth  of  the  original  intensity  of  the  phosphorescence.  This 
is  due  probably  to  the  more  simple  conditions  in  a  gas  than  in  a  solid. 
Assuming  that  the  rate  of  decay  for  very  short  time  phosphorescence  is 
the  same  as  that  of  the  rest  of  the  decay  the  original  intensity  of  the  phos- 
phorescences, or  the  intensity  at  the  moment  that  the  exciting  electrical 
discharge  is  cut  off,  can  be  determined.  In  a  series  of  measurements  the 
original  intensity  I^  has  been  thus  determined  at  various  gas  pressures,  all 
other  conditions  being  approximately  constant  during  the  observations. 
The  relation  of  the  original  intensity  of  the  gas  phosphorescence  to  the 
gas  pressure  was  found  to  be  as  follows  : 

/.=  Cf. 

I^  s  original  intensity.    /  =  gas  pressure. 

The  original  intensity  varied  from  62  to  4,000.  The  value  of  the 
constant  C  being  (49.0)',  the  average  variation  of  C  from  the  mean  at  six 
different  pressures  being  less  than  four  per  cent.,  which  seems  to  show 
that  there  is  no  doubt  of  the  validity  of  this  law,  at  least  as  an  approxi- 
mation. The  gas  pressures  ranged  from  0.08  to  0.32  mm.  At  one  higher 
pressure  the  results  were  too  uncertain  to  be  included,  but  it  is  about  at 
this  pressure,  0.44  mm.  where  the  formation  of  the  glow  is  also  uncertain. 

If  subsequent  variations  of  the  conditions  show  that  there  was  no  con- 
stant error  due  to  changes  in  the  gas,  etc. ,  during  the  experiments,  then 
since  the  pressure  determinations  depend  upon  Boyle's  law  and  since  the 
line  formed  by  plotting  "^/^  and  the  corresponding  gas  pressure  is  not 
only  straight  but  passes  exactly  through  the  origin,  and  shows  no  consist- 
ent variation  between  0.32  to  0.08  mm.  gas  pressure,  there  is  additional 
evidence  that  Boyle's  law  holds  accurately  at  these  low  gas  pressures. 
The  pressures  mentioned  are  about  the  range  o.  7  mm. ,  where  the  accuracy 
of  Boyle's  law  has  been  questioned  by  certain  experimenters,  Bohr, 
Baly  and  Ramsay,  etc. 

The  difference  in  the  rate  of  decay  of  gas  phosphorescence  at  different 
pressures  has  also  been  determined,  if  in  any  case  of  decay  i/v//  for 
each  intensity  is  plotted  with  the  corresponding  times  a  straight  line  is 
formed.  In  the  expression  i/v^7=  a  +  bt,  b  is  the  slant  or  tangent 
which  is  a  measure  of  the  rate  of  decay.  If  the  different  tangents  of  decays 
at  various  gas  pressures  are  plotted  with  the  corresponding  gas  pressures, 
a  smooth  curve  is  formed  which  follows  closely  the  form  of  a  parabola, 
the  gas  pressure  range  being  from  0.32  down  to  0.08  mm.  At  0.44  mm. 
pressure  the  relation  is  subject  to  a  decided  variation  from  the  simple 
law  of  the  curve.     The  decay  is  rapid  at  high  gas  pressures,  becomes 
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slower  as  the  pressure  is  reduced,  is  slowest  at  about  0.26  mm.  and 
gradually  becomes  rapid  again  at  low  pressures. 

There  have  been  several  possible  sources  of  error  in  the  measurements, 
for  all  the  factors  entering  into  these  experiments  have  not  been  under- 
stood, but  a  marked  variation  from  the  results  given  is  hardly  to  be  ex- 
pected.    The  gas  experimented  with  was  nitrogen. 

Determination  of  the  Frequency  of  Glow-Arc  Oscillations.^ 

By  w.  G.  Cady. 

IN  a  former  paper  *  a  new  type  of  electrical  oscillations  was  described, 
the  characteristic  feature  of  which  was  shown  to  be  a  rapid  pulsation 
between  the  glow  and  the  arc  discharge.  Improvements  in  the  apparatus, 
and  the  use  of  a  mixture  of  hydrogen  and  acetone  vapor  instead  of  illumi- 
nating gas,  have  made  the  oscillations  somewhat  stronger  and  more 
uniform. 

The  frequency  has  been  determined  by  exciting,  either  directly  or  in- 
ductively, a  resonating  circuit  containing  a  hot  wire  ammeter.  It  is 
shown  that  the  discharge  gives  rise,  simultaneously,  to  a  large  number  of 
wave-lengths,  suggesting  a  fundamental  vibration  with  a  system  of  har- 
monics. This  is  in  agreement  with  the  mathematical  theory  of  circuits 
containing  pulsating  resistances. 

Both  frequency  and  amplitude  of  oscillations  seem  to  be  sensibly  the 
same  with  kathodes  of  silver,  copper,  aluminium,  iron,  or  lead,  though 
changes  in  the  surfaces  of  the  last  twd  metals  soon  destroy  the  effect. 
Any  metal,  or  carbon,  may  serve  as  anode. 

The  frequency  is  lowered  by  decreasing  the  discharge  current,  adding 
a  small  amount  of  capacity  in  the  neighborhood  of  the  discharge-tube,  or 
contrary  to  expectation,  by  decreasing  the  self-inductuance  by  a  small 
amount. 

The  oscillations  are  propagated  without  sensible  diminution  through 
several  meters  of  straight  wire,  but  are  much  damped  after  passing  through 
a  resistance  or  self-inductance.  For  this  reason,  the  more  remote  parts 
of  the  circuit  are  devoid  of  a  trace  of  the  oscillations,  giving  rise  to  the 
apparent  paradox  that  an  incandescent  lamp  placed  in  series  with  the  arc 
and  close  to  the  latter  will  glow  much  more  brightly  than  a  similar  lamp 
in  a  more  remote  part  of  circuit.  Also,  a  lamp  of  high  resistance  in 
parallel  with  any  small  self-inductance  near  the  discharge-tube  will  glow, 
though  the  resistance  of  the  inductance  coil  may  be  negligible.  An  in- 
candescent lamp,  one  of  whose. terminals  is  held  in  the  hand  while  the 
other  is  touched  to  any  part  of  the  circuit  near  the  arc,  lights  up. 

1  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
February  27,  1909. 

'  Science,  28,  254,  1908. 
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Bolometric  tests  show  that  the  energy  radiated  from  the  system  can  be 
approximately  computed  on  the  assumption  that  the  arc  with  its  adjacent 
wires  behaves  like  a  Hertz  oscillator. 

Resonance  curves  were  obtained  of  sufficient  accuracy  to  show  that  the 
damping  of  the  oscillations  is  very  small.  The  amount  of  energy  ex- 
pended in  the  discharge,  about  twenty  watts,  is,  however,  too  small  to 
make  these  oscillations  applicable  to  anything  beyond  the  purposes  of 
measurement  and  demonstration.  The  greatest  amount  of  energy  that 
has  been  observed  in  the  oscillating  circuit  was  about  fourteen  watts. 

By  the  use  of  a  small  transformer  stepping  up  to  at  least  500  volts,  quite 
satisfactory  experiments  can  be  performed  with  an  alternating  current 
supply. 

Note  on  Optical  Dispersion  Formul^e.^ 
By  a.  Trowbridge. 

PROFESSOR  R.  C.  MacLaurin  has  recently  shown*  that  it  is  possible 
to  so  determine  the  constants  of  the  dispersion  formula  pro- 
posed by  him  that  it  not  only  represents  adequately  the  dispersion 
of  rock-salt  and  sylvite  throughout  the  entire  visible  and  infra-red 
spectrum  but  also  predicts  the  positions  of  the  absorption  bands  in 
these  substances  more  nearly  where  they  are  found  by  direct  experiment 
to  lie  than  does  the  Sellmeier  type  of  dispersion  formula.  Moreover 
there  is  better  agreement  between  the  observed  and  calculated  values  of 
the  dielectric  constant 

There  are  theoretical  reasons'  for  assuming  that  one  of  the  constants 
of  the  MacLaurin  formula  should  have  the  value  2  in  the  case  of  a  fluid. 

The  present  writer  has  determined  the  constants  of  the  formula  so  that 
it  represents  the  dispersion  of  carbon  bisulphide  over  the  range  studied 
by  Rubens,*  /.  ^.,    from  0.434  a*  to  1.998 /u. 

In  order  that  the  observed  and  calculated  values  may  agree  to  within 
one  part  in  one  thousand  it  is  necessary  to  assume  at  least  one  infra-red 
absorption  band.  The  calculated  position  of  this  band  is  A  as  8  /i  and  that 
of  the  ultra-violet  band  A  =s  0.2244/u. 

The  writer  has  endeavored  to  find  the  infra-red  band  by  the  method  of 
**Rest  Strahlen  **  in  conjunction  with  a  spectro-bolometer  of  adequate 
sensibility.  While  the  energy  of  wave-length  A  =s  8 /i  =fc  ^  A  in  the  inci- 
dent beam  was  sufficient  to  give  a  steady  galvanometer  deflection  of  100 

*  Abstract  of  a  paper  presented  at  the  New  York  meeting  of  the  Physical  Society, 
February  27,  1909. 

«Proc.  Roy.  Soc.  A,  Vol.  81,  No.  A  548. 
»Cf.  Larmor,  Phil.  Trans.,  1897  A,  p.  233. 
*Wied.  Ann.,  45,  1892. 
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scale  divisions,  two  reflections  from  a  surface  of  carbon  bisulphide 
practically  reduced  the  deflection  to  zero. 

The  entire  spectral  region  between  the  red  and  ^  =  8.5  a*  was  investi- 
gated with  the  result  that  no  trace  of  metallic  reflection  of  the  liquid 
was  found. 

It  would  thus  seem  that  the  MacLaurin  formula  in  the  special  form 
proposed  by  Larmor  for  fluids 

«*  —  1       >t  —  I  ^,  r. 


n^^a      >t  +  a  ^  il'  —  A,*  A»  -  V 

where  a  s  2  does  not  hold. 

If  a  be  retained  as  an  arbitrary  constant  as  in  the  MacLaurin  formula 
for  solids  then  it  is  possible  to  determine  the  constants  to  give  calculated 
values  of  the  index  of  refraction  agreeing  with  observation  without 
assuming  the  existence  of  a  band  in  the  nearer  infra-red  spectrum. 
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NEW  BOOKS. 

A  Text-Book  of  Physics,    Edited  by  A.  Wilmer  Duff.    Philadelphia^ 

P.  Blakiston's  Son  &  Co.     Pp.  xi  +  680. 

This  text-book  is  the  result  of  collaboration  of  several  winters.  The 
different  divisions  of  the  work  are  treated  by  men  who  are  teaching^ 
physicists  and  who  are  specialists  in  the  divisions  of  the  subject  treated. 
Professor  A.  Wilmer  Duff,  who  has  edited  the  work,  presents  the  part  of 
the  work  devoted  to  mechanics  and  the  properties  of  matter  in  the  same 
clear  manner  as  he  has  presented  the  subject  of  mechanics  in  his  labora- 
tory manual.  That  portion  of  the  book  devoted  to  heat  is  written  by 
Professor  Guthe,  of  the  State  University  of  Iowa.  With  a  little  exten- 
sion of  the  discussion  of  thermometry,  radiation  and  thermodynamics 
and  with  a  discussion  of  the  kinetic  theory  of  gases  added  this  part  of  the 
book  might  find  a  field  for  itself.  There  is  a  growing  demand  among 
teachers  for  separate  books  on  the  various  phases  of  the  work  in  physics 
in  order  that  they  may  use  such  material  as  may  seem  best  suited  ta 
their  individual  needs.  The  present  text  is  to  a  certain  extent  a  recog- 
nition of  this  demand. 

Wave  motion  and  Sound  are  discussed  by  Professor  William  Hallock, 
of  Columbia ;  Light,  by  Professor  E.  Percival  Lewis,  of  the  University  of 
California.  Electricity  and  Magnetism,  by  Professor  Arthur  W.  Good- 
speed,  of  the  University  of  Pennsylvania ;  Electromagnetic  Induction,  by 
Professor  A.  P.  Carman,  of  the  University  of  Illinois ;  and  Conduction  of 
Electricity  through  Gases  and  Radio-activity,  by  Professor  R.  K.  McClung, 
of  Mount  Allison  University,  Sackville,  N.  B. 

In  the  part  of  the  work  on  electricity  and  magnetism  a  more  complete 
discussion  of  Ohm*s  and  KirchhofTs  laws  would  have  added  to  that  sec- 
tion. The  tangent  galvanometer  theor}'  is  discussed  but  as  usual  the 
d*Arsonval  galvanometer  is  passed  by  without  the  careful  discussion  of 
its  theory  that  it  merits  in  the  light  of  its  general  usefulness  and  the  fact 
that  it  is  to  a  great  extent  replacing  the  tangent  galvanometer  in  every- 
day use. 

Lists  of  problems  are  included  at  the  ends  of  various  sections.  These 
lists  might  be  extended  to  advantage  if  any  lists  are  to  be  included  at  all. 
A  large  and  well  selected  list  of  problems  enables  a  saving  of  time  in  the 
class  room  in  mechanical  work  and  permits  of  variation  of  assignments- 
from  year  to  year  where  a  book  is  in  continuous  use. 
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In  mechanical  make-up  the  book  is  not  as  good  as  the  subject-matter 
deserves.  The  pages  have  a  solid  look,  due  to  the  t)rpe  probably,  some 
of  which  is  much  too  small  to  be  easily  read.  Many  of  the  figures  are 
small,  in  some  the  lines  are  not  sharp  and  the  lettering  or  numbering  is 
indistinct. 

Ernest  Blaker. 

Physikalische  Freihandversuche.  By  H.  Hahn.  Part.  II.,  Eigen- 
schaften  dcr  FlOssigkeiten  und  Case.  8vo,  pp,  vii  -f-  293.  Berlin, 
Otto  Salle,  1907. 

Technik  cUs  physikalischen  Unterrichts,    By  F.  C.  G.  MOller.    8vo, 

xii  +  370.     Berlin,  Otto  Salle,  1906. 

Hahn's  "  Freihandversuche,"  based  in  part  upon  the  notes  of  the  late 
Professor  B.  Schwalbe,  of  the  Dorotheenstadisches  Realgymnasium  of 
Berlin,  is  devoted  to  the  description  of  illustrative  experiments  requiring 
the  absolute  minimum  of  apparatus.  The  book  is  a  most  unusual  one  in 
its  interest  and  suggestiveness.  Part  II.  of  the  work,  which  is  now  before 
us,  deals  chiefly  with  the  properties  of  liquids  and  gases,  and  contains 
brief  descriptions  of  674  experiments.  The  apparatus  required  consists 
of  tumblers,  corks,  test-tubes,  pieces  of  wire,  matches,  and  the  like,  and 
of  simple  combinations  of  these ;  a  bicycle  pump  is  almost  the  most  elab- 
orate piece  of  apparatus  mentioned.  The  manipulation  required  is  also 
simple  in  the  extreme.  After  an  inspection  of  this  book  it  seems  hardly 
possible  that  any  teacher  of  physics  can  complain  that  the  concrete  illus- 
tration of  his  subject  is  not  practicable  on  account  of  insufficient  equip- 
ment. 

The  experiments  are  arranged  systematically  and  are  so  well  illus- 
trated by  simple  diagrams  that  it  is  often  unnecessary  to  read  the  text. 
While  in  many  instances  it  may  prove  desirable  to  perform  the  experi- 
ments exactly  as  described,  I  think  that  in  a  majority  of  cases  the  book 
will  prove  most  valuable  in  suggesting  experiments  with  other  apparatus. 
For  example  in  the  case  of  surface  tension  the  experiments  are  suitable 
for  small  classes  or  for  individual  work  by  the  student,  but  could  not  be 
easily  shown  to  a  large  class.  In  such  cases  the  many  valuable  sugges- 
tions may  be  utilized  in  devising  experiments  suited  to  whatever  project- 
ing apparatus  may  be  available.  The  book  is  the  most  satisfactory  one 
of  its  class  that  I  have  seen  and  will  be  found  useful  by  every  teacher  of 
elementary  phjrsics,  whether  his  illustrative  equipment  is  large  or  small. 

MUller's  "  Technik  des  physikalischen  Unterrichts  "  deals  more  espe- 
cially with  elementary  laboratory  work.  The  apparatus  called  for  is  also 
simple,  but  more  elaborate  than  that  required  for  the  "  Freihandversuche." 
The  book  contains  many  useful  hints,  but  corresponding  as  it  does  to  the 
requirements  of  the  German  Gymnasium  will  be  less  generally  useful  in 
this  country.  E  .M. 
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THE   EFFECT  OF  LOW  TEMPERATURE  ON  SOME  OF 

THE  PHYSICAL  PROPERTIES  OF  A  SERIES 

OF  IRON-CARBON  ALLOYS. 

By  C.  W.  Waggoner. 

THE  series  of  experiments  described  below  was  undertaken  with 
the  view  of  determining  how  the  temperature  of  liquid  air 
affects  the  magnetic  permeability,  the  magnetic  hysteresis  and  the 
expansion  coefficient  of  a  series  of  iron-carbon  alloys;  and  how 
these  properties  change  with  varying  chemical  composition. 

The  effect  of  low  temperatures  on  the  magnetic  hysteresis,  mag- 
netic permeability  and  electrical  conductivity  has  been  studied  to 
some  extent  before  but  with  alloys  of  iron  of  which  the  chemical 
composition  and  definite,  previous  heat  treatment  were  in  many  cases 
unknown. 

A  very  exhaustive  study  of  the  effect  produced  by  liquid  air  tem- 
peratures on  the  mechanical  properties  of  iron  and  its  alloys  has  been 
made  by  R.  A.  Hadfield.^ 

Thiessen  *  has  investigated  the  hysteresis  loss  of  iron  and  steel 
at  ioo°  C,  20°  C.  and  about  —  70°  C.,the  latter  obtained  by  using 
solid  CO,.  He  found  that  for  soft  wrought  iron  the  hysteresis  in- 
creased with  decreasing  temperature  when  the  maximum  magnetiz- 
ing field  caused  magnetic  saturation,  and  that  the  reverse  was  true 
for  low  magnetizing  forces.  The  same  eflfects  of  temperature  were 
found  for  annealed  crescent  tool  steel. 

1  Jour.  Iron  and  Steel  Inst,  Vol.  LXVII.,  p.  147,  1905. 
•Thiessen,  Phys.  Rev.,  Vol.  VIII.,  p.  65. 
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Fleming  and  Dcwar^  found  that  the  magnetic  permeability  of  an- 
nealed soft  Swedish  iron  decreased  when  cooled  in  liquid  air  for  all 
magnetizing  fields,  but  for  the  same  iron  unannealed  they  found  an 
increase  in  the  permeability  at  the  low  temperature.  They  found 
also  no  change  in  the  hysteresis  loss  of  a  sample  of  soft  transformer 
iron,  for  varying  values  of  the  magnetic  induction,  when  cooled  in 
liquid  air.  T.  Claud  *  working  with  soft  iron  found  a  slight  tendency 
to  lower  hysteresis  and  permeability  at  the  lower  temperature. 
Honda  and  Shimizu'  using  Swedish  iron,  found  that  cooling  in 
liquid  air  diminished  the  magnetization  in  low  fields,  but  increases  it 
in  the  strong,  the  change  amounting  to  about  two  per  cent  They 
also  found  that  the  hysteresis  loss  was  decreased  in  weak  induc- 
tions and  increased  in  the  strong  by  cooling  in  liquid  air. 

Dr.  Fleming*  in  a  note  to  the  Iron  and  Steel  Institute,  gives 
some  further  results  on  the  magnetization  of  two  steels  (0.055  P^"* 
cent.  C  and  0.29  per  cent.  C)  at  the  temperature  of  hquid  air.  He 
found  that  the  effect  of  low  temperature  on  the  permeability  de- 
pended on  the  previous  heat  treatment.  The  low  carbon  iron,  in 
the  annealed  state,  gave  an  increase  in  the  permeability  for  all  fields 
when  at  the  low  temperature ;  while  the  high  carbon  steel,  annealed, 
had  its  permeability  decreased  when  in  liquid  air.  He  says : 
"  Broadly  speaking,  it  seems  as  if  the  result  of  low  temperature  on 
iron  containing  a  large  per  cent,  of  carbon  was  to  decrease  the  per- 
meability, whilst  an  opposite  effect  was  produced  upon  iron  con- 
taining a  small  percentage  of  carbon."  J.  Stauber*  working  with 
three  steels  (no  analysis  given),  found  that  the  lowering  of  tempera- 
ture is  accompanied  by  a  decrease  in  the  hysteresis  loss  ;  but  that 
with  higher  magetizing  fields  (30  gauss),  both  permeability  and 
hysteresis  loss  increased  with  decreasing  temperature. 

The  steels  used  in  the  following  tests  were  made  by  Dr.  J.  A. 
Mathews,  of  the  Crucible  Steel  Co.,  Syracuse,  N.  Y.,  to  whom  the 
writer  wishes  to  express  his  gratitude  not  only  for  the  steels,  but 
also  for  the  complete  chemical  analysis.     These  steels  were  made 

*  Fleming  and  Dewar,  Proc.  Roy.  Soc,  Vol.  60,  p.  81,  1896. 
2Claud,  C.  R.,  Vol.  CXXIX.,  p.  409,  1899. 

•Honda  and  Shimizu,  Jour.  Coll.  Sc.,  Tokio  Univ.,  Vol.  XX.,  1905. 
♦Fleming,  Jour.  Iron  and  Steel  Inst.,  Vol.  LXVII.,  p.  237,  1905. 
«Suubcr,  Le  Lumiere  Elcc,  Vol.  I.,  p.  120,  1908. 
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by  the  crucible  process  and  after  being  rolled  were  allowed  to  cool 
in  the  air.  The  composition  of  the  difTerent  specimens  is  given  in 
the  preceding  table. 

The  low  carbon  iron,  marked  P.I.  in  the  analysis  was  kindly 
loaned  the  writer  by  Professor  Bancroft,  of  the  Department  of 
Chemistry,  Cornell  University.  The  rods  were  all  ^  inch  in 
diameter  and  45  cm.  in  length.  Previous  to  the  magnetic  tests  the 
steels  were  all  annealed  in  a  platinum  furnace,  by  heating  the 
whole  at  1000°  C.  for  two  hours  and  then  allowing  them  to  cool 
in  the  furnace.  It  is  assumed  that  this  heat  treatment  removed  the 
effects  of  machining  the  steels.  Unfortunately  the  steel  marked  A2 
was  mislaid  while  the  magnetic  tests  were  being  made  and  so  it 
was  not  included. 

The  ballistic  method  was  used  to  measure  the  magnetic  quanti- 
ties. Taylor  ^  has  found  that  a  heavily  damped  galvanometer  gives 
more  accurate  results  in  magnetic  measurements  than  one  with 
small  damping,  because  the  creeping  up  of  the  induction  to  its  final 
value,  for  any  given  field,  takes  an  appreciable  time.  Stewart* 
used  a  voltmeter,  without  its  series  resistance,  as  a  galvanometer 
for  hysteresis  measurements,  calibrating  it  with  a  standard  con- 
denser and  known  E.M.F.  Following  this  suggestion  a  galvanom- 
eter was  made  from  the  parts  of  a  Weston  voltmeter.  The  coil, 
wound  on  an  aluminum  form,  was  suspended  by  a  fine  silk  fiber ; 
the  current  being  carried  into  the  coil  by  two  small  spiral  springs 
of  silver.     These  springs  were  so  adjusted  that  the  silk  fiber  fur- 

>  Taylor,  Phys.  Rev.,  Vol.  XXIII.,  p.  95,  1904. 
•Stewart,  Phys.  Rev.,  Vol.  XXI.,  p.  158,  1903. 
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nished  sufficient  torsion  to  just  bring  the  coil  to  its  zero  position 
after  it  had  been  given  a  deflection.  The  galvanometer  was  cali- 
brated with  a  standard  condenser  and  a  known  E.M.F.,  and  its 
constant  was  checked  up  several  times  during  the  test.  This  form 
of  galvanometer  proved  to  be  very  satisfactory  and  readings  could 
be  made  quite  rapidly.  In  making  the  readings  it  was  found  that 
in  the  time  necessary  to  adjust  the  resistances  for  the  following 
reading,  the  galvanometer  coil  would  settle  back  to  its  zero  and  be 
ready  for  the  next  throw. 

In  order  to  avoid  the  cumulative  effect  of  an  error  in  any  previous 
reading  of  the  ballistic  throw,  the  method  of  operating  by  steps  from 
one  extremity  of  the  cycle,  given  by  Ewing,^  was  used.  The  upper 
half  of  the  hysteresis  cycle  was  obtained  in  this  way  and  the  area 
of  the  plotted  curve  measured  with  a  planimeter  for  the  hysteresis 
loss.  With  each  specimen  three  cycles  were  taken,  both  at  room 
temperature  and  with  the  specimen  in  liquid  air,  for  three  values  of 
the  magnetic  induction.  The  ballistic  coil  was  wound  on  the  out- 
side of  the  magnetizing  coil  and  at  its  center.  No  attempt  was 
made  to  correct  for  the  demagnetizing  effect  of  the  ends  of  the  rods, 

/   length  \ 

V  diameter      '^)' 

and  since  they  all  had  the  same  length  and  approximately  the  same 
diameter  this  correction  would  not  affect  the  values  given  when* 
compared  among  themselves.  A  small  coil  was  wound  on  the 
outside  of  the  magnetization  coil  and  a  current  passed  through  it 
to  compensate  for  the  effect  of  the  earth's  field  in  the  iron.  In 
making  the  tests  at  the  low  temperature  the  magnetizing  coil  and 
the  specimen  under  test  were  placed  in  a  long  vertical  Dewar  tube 
and  covered  with  liquid  air.  As  the  air  evaporated,  more  was 
added.so  as  to  keep  the  coil  and  specimen  completely  and  continu- 
ally covered.  No  attempt  was  made  to  measure  the  temperature 
change  which  took  place  as  the  air  evaporated  and  new  air  added, 
but  the  tests  were  never  started  until  the  violent  ebullition  of  the 
air  had  ceased,  indicating  that  the  whole  mass  had  reached  the 
lowest  temperature.     The  high  temperature  tests  were  made  at 

>  Ewing,  Magnetic  Induction  in  Iron,  p.  356,  1904  ed. 
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about  20°  C,  that  of  the  room.  In  the  case  of  the  low  carbon 
steels,  since  the  hysteresis  loss  is  small,  several  of  the  tests  were 
repeated  in  order  to  make  sure  of  the  values  obtained. 

An  inspection  of  the  data  in  Table  I.  shows  that  for  the  lowest 
carbon  iron  the  permeability,  when  at  the  temperature  of  liquid  air 
is  slightly  higher  than  its  value  at  room  temperature  for  the  highest 
value  of  the  magnetic  induction,  and  decreases  for  the  lower  values. 
Also,  the  hysteresis  loss  for  the  smallest  induction  has  a  smaller 
value  when  at  the  lower  temperature,  but  at  higher  values  of  the 
induction  the  hysteresis  loss  is  greater  at  the  low  than  at  room 
temperature.  This  is  in  agreement  with  the  work  of  Honda  and 
Shimizu  *  on  a  Swedish  low  carbon  iron  and  Dr.  Fleming  *  working 
with  0.05  per  cent,  carbon  iron.  For  all  the  other  specimens  the 
effect  of  low  temperature  is  to  decrease  the  permeability  and  in- 
crease the  hysteresis  loss  for  all  values  of  the  magnetic  induction 
studied.  In  order  to  study  the  change  in  the  hysteresis  loss  with 
varying  percentages  of  carbon,  the  Steinmetz*  law  W^riB^'^,  was 
used,  computing  the  value  of  ^  for  the  highest  induction  studied. 
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Fig.  1 .  Showing  the  reUtion  between  the  hjrsteresis  coefficient  and  the  carbon  con- 
tent. Cuire  A  represents  the  relation  at  20**  C.  Curve  B  represents  the  relation^at 
—  i8o<»  C. 

The  curves  given  in  Fig.  i  show  the  relation  between  the  hys- 
teresis coefficient  and  the  percentage  of  carbon.  It  will  be  seen 
that  up  to  .9  per  cent,  carbon  the  line  has  been  drawn  straight, 

'Loc.  cit. 
'Loc.  cit. 
'Steinmctz,  Am.  Inst.  E.  E.  Trans.,  Vol.  IX.,  1892. 
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while  from  that  point  the  dotted  portion  indicates  that  the  maximum 
is  reached  about  1.2  per  cent,  carbon,  and  then  shows  a  tendency  to 
decrease.  Dillner  and  Enstrdm^  have  shown  that  up  to  .5  per 
cent,  carbon  the  relation  between  the  hysteresis  coefficient  and  the 
percentage  of  carbon  is  a  straight  line.  A  justification  for  the 
dotted  portion  of  the  curves  given  in  Fig.  i  was  found  in  Dr.  Carl 
Benedicks'  ^  classic  thesis.  Benedicks  made  a  very  careful  study  of 
the  magnetic  properties  of  a  series  of  steels  made  in  an  electric 
furnace.  The  steel  was  studied  in  three  states ;  annealed,  forged 
and  tempered. 

Fig.  2  shows  the  curves  plotted  from  Benedicks'  data  (page  1 50) 
on  the  steels  in  the  annealed  and  forged  state. 

In  Fig.  2  it  will  be  seen  that  the  curves  have  a  very  well  defined 
maximum  at  about  1.32  per  cent,  carbon,  and  that  the  curve  for  the 
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Fig.  2,  Showing  the  reUdon  between  the  hysteresis  coefficient  and  the  carbon  con- 
tent. Plotted  from  Benedicks'  data.  Curve  A  represents  the  relation  for  the  stee 
annealed.     Conre  B  represents  the  relation  for  the  steel  forged. 

alloys  that  were  forged  lies  above  that  for  the  annealed  alloys, 
showing  that  the  forging  had  a  magnetic  hardening  effect  on  the 
steels. 

» Dillner  and  EnstrOm,  Jour.  I.  8c  S.  InsL,  Vol.  LXVIII.,  p.  408,  1905. 
'  Reserches  Physiques  et  physico-chemiques  sur  Tacier  au  carbone,  Carl  Benedicks, 
Upsala,  1904. 
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T.  Swindon  *  has  studied  the  magnetic  properties  of  a  series  of 
carbon  tungsten  steels  containing  a  constant  percentage  of  tungsten. 
The  writer  has  taken  the  liberty  to  reproduce  some  of  Swindon's 
curves,  showing  the  relation  between  the  hysteresis  loss  and  the 
carbon  content,  since  they  seem  to  confirm  those  of  Benedict's  and 
his  own. 

The  curves  shown  in  Fig.  2a  are  taken  from  Swindon's  paper 
and  they  show  the  effect  of  heat  treatment. 


ibQOOO 

^ 

-S-r. 

.Ware 

(S?2? 

lAOOOO 

.     ^ 

z^*^" 

**-^ 

HOOOO 

0 

"3 

/ 

' 

■-^^ 

1 

/ 

y 

/ 

IIOVOOO 

as 

nil 

./ 

/ 

^r 

/ 

«t?  - 

14 

ortnai 

iW 

bOfiOO 

5? 

^ 

'■^^ 

TOfiOO 

-^ 

k^ 

^ 

tOfiOO 

« 

?— 



^ 

y* 

f^f^f^g 

U€tf 

AOyooo 

«KV)00 

-/. 

/-— 

■ 

=^=^ 





1 

1 

•4 

•5 

9 

•4 

C^ATtX^ 

c«nc 

r i 

; — :i 

\        i 

O          11 

Fig.  2a.  Showing  the  relation  between  the  hysteresis  loss  and  the  carbon  content 
Taken  from  Swindon's  paper.  The  **  Normalizing*'  treatment  consisted  in  heating  to 
950^  C,  holding  that  temperature  for  15  minutes  and  then  allowing  the  rods  to  cool 
freely  in  the  air. 

From  Fig.  2a  it  will  be  seen  that  the  curves,  for  the  steels  in  the 
normalized  and  hardened  conditions,  resemble  those  in  Fig.  i  and 
Fig.  2  in  this,  that  the  hysteresis  loss  reaches  a  decided  maximum 
as  the  carbon  content  increases  and  then  decreases.  The  position 
of  the  maximum,  in  the  case  of  the  tungsten  steels,  depends  upon 
the  degree  of  thermal  hardening.  The  steels  in  the  annealed 
state  seem  to  approach  a  maximum  at  about  i.i  per  cent,  carbon  ; 
the  series,  however,  does  not  increase  sufficiently  in  carbon  content 
to  indicate  a  decrease  from  this  maximum  as  the  carbon  increases. 

Benedicks  *  also  found  the  relation  between  the  hysteresis  coeffi- 

*  Swindon,  The  Electrician,  Vol.  LXII.,  pp.  830-832,  1909. 
'Loc.  cit.,  p.  153. 
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cient  (at  saturation)  and  the  coercive  force  to  be  a  fixed  ratio.  So 
Fig.  3  was  plotted  from  the  data  at  room  and  liquid  air  temperatures. 
The  value  of  the  slope  for  the  alloys  at  room  temperature  was 
found  to  be  .001 13  ;  while  that  at  liquid  air  temperature  was  .00108. 
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Fig;.  3.  Showing  the  relation  between  the  hysteresis  coefficient  and  the  coercive 
force.  Curve  A  represents  the  relation  at  20^  C.  Carve  B  represents  the  relation  at 
—  180OC. 

The  tests  show  that  the  hysteresis  loss  at  liquid  air  temperatures, 
for  the  higher  magfnetizations,  was  always  increased ;  so  the  per- 
centage increase  in  37,  when  the  steel  was  at  the  lower  temperature 
was  computed  and  will  be  found  in  the  data  in  the  column  Jrj  in 
per  cent.  The  values  in  the  column  are  plotted  against  the  per- 
centage of  carbon  and  the  curve  is  given  in  Fig.  4. 

It  will  be  seen  from  the  curve  given  in  Fig.  4  that  the  increase  in 
hysteresis  loss  for  a  low  carbon  alloy  is  rather  large  and  as  the  car- 
bon increases  this  increased  loss  grows  smaller,  reaching  a  minimum 
value  at  about  i.i  per  cent,  carbon,  beyond  which  point  it  again  in- 
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creases.  The  resemblance  should  be  noted  between  the  curve 
(Fig-  4)  with  its  minimum  at  i.i  per  cent,  carbon,  and  the  revised 
iron-carbon  diagram  given  by  Upton  *  with  its  minimum  at  i  per 
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Fig.  4.  Canre  ihowing  the  increase  (in  per  cent)  of  the  hysteresis  coefficient  when 
the  steel  is  at  the  temperature  of  liquid  air  and  percentage  of  caibon. 

cent,  carbon.  Howe  *  finds  that  the  tenacity  of  an  iron-carbon  series 
increases  with  small  percentages  of  carbon,  reaching  a  maximum  at 
about  1.2  per  cent  carbon  and  then  decreasing  with  increased  car- 
bon. Just  what  bearing  the  iron-carbon  diagram  has  on  the  curve 
given  in  Fig.  4  the  writer  is  unable  to  say,  for  the  diagram  itself  has 
been  the  subject  of  much  discussion,  and  many  changes  have  been 
proposed. 

The  increase  in  the  hysteresis  coefficient  (in  per  cent.)  for  the 
forged  steel  over  the  steel  in  the  annealed  state  was  computed  from 
Benedicks*  *  data  and  plotted  in  Fig.  5. 

The  curve  given  in  Fig.  5  bears  the  same  shape  as  that  given  in 
Fig.  4,  showing  a  minimum  value  of  the  hysteresis  coefficient  at 
about  1.32  per  cent,  carbon.  It  should  be  remarked,  also,  that  the 
other  constituents  of  Benedicks'  alloys,  manganese,  silicon,  sulphur 
and  phosphorus  vary  rather  widely,  which  makes  strict  comparison 
of  the  two  curves  impossible.     However  it  is  safe  to  say  that  the 

1  Upton,  J.  Phys.  Chem.,  Vol.  XII.,  p.  507,  1908. 
'Howe,  Iron,  Steel  and  Other  Alloys,  1903,  p.  162. 
•  Loc.  cit. 
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effect  of  the  low  temperature  on  the  magnetic  hysteresis  of  steel  is 
similar  to  the  magnetic  hardening  produced  by  forging. 
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Fig.  5.  Showing  the  carbon  content  and  the  increase  in  hysteresis  coefficient  from  the 
annealed  to  forged  condition. 

Summary. 
A  brief  summary  of  the  results  is  given  below. 

1.  The  effect  of  low  temperature  on  an  annealed  low  carbon  iron 
is  to  increase  both  permeability  and  hysteresis  loss  in  high  fields, 
but  to  decrease  both  for  very  low  fields. 

2.  For  higher  carbon  steels,  annealed,  the  effect  of  low  tempera- 
ture is  to  increase  the  hysteresis  loss  and  decrease  the  permeability 
for  all  fields. 

3.  The  ratio  r^lHc  as  given  by  Benedicks  seems  to  hold  for  steels 
at  the  temperature  of  liquid  air  as  well  as  at  room  temperature. 

4.  The  percentage  increase  in  hysteresis  loss  for  high  fields  when 
an  annealed  steel  is  cooled  to  the  temperature  of  liquid  air  is  a  func- 
tion of  the  carbon  content.  The  change  in  the  hysteresis  loss  de- 
creases with  the  addition  of  carbon  reaching  a  minimum  about  i.i 
per  cent,  carbon  and  then  increases. 

5.  The  change,  in  the  hysteresis  loss  of  a  series  of  iron  carbon 
alloys,  produced  by  liquid  air  is  analogous  to  the  magnetic  harden- 
ing of  steel  by  forging. 

The  Coefficient  of  Linear  Expansion. 
In  order  to  determine  the  relation  between  the  carbon  content 
and  the  density  of  these  steels  at  the  temperature  of  liquid  air.  Dr. 
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H.  G.  Dorsey,  of  our  department,  kindly  determined  the  mean 
coefficient  of  linear  expansion  for  the  steels,  from  room  temperature 
down  to  the  temperature  of  liquid  air,  by  an  interference  method 
already  described.*  The  results  are  shown  in  Fig.  6.  From  the 
curve  it  will  be  seen  that  the  effect  of  added  carbon  is  to  decrease 
the  expansion  coefficient ;  and  there  is  no  indication  of  a  change  in 
the  curve  at  i.i  per  cent,  carbon  as  was  found  in  the  magnetic 
5* 
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Fig.  6.     Showing  the  relation  between  the  expansion  coefficient  and  carbon  content. 

tests.     Carbonless  iron,  from  the  curve,  would  have  a  coefficient 

of  expansion  of  928  x  io~^ 

The  writer  hopes  to  add  to  the  tests  above  described  the  specific 

resistance  and   the   temperature  coefficient  of  resistance  of  these 

steels  at  the  temperature  of  liquid  air. 

Physical  Laboratory, 
Cornell  University. 

'Dorsey,  Phys.  Rev.,  Vol.  25,  p.  88,  1907. 
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ON  SOME  PECULIARITIES  OF  ELECTRICAL  CONDUC- 
TIVITY  EXHIBITED   BY   POWDERS  AND 
A   FEW  SOLID   SUBSTANCES. 

By  R.  H.  Goddakd. 

THE  unilateral  conductivity  of  the  mercury  arc  and  the  electro- 
lytic cell,  the  lack  of  proportionality  between  E.M.F.  and 
current  in  the  arc  and  in  contact  rectifiers,  and  the  change  of  resist- 
ance with  time  in  the  case  of  some  heated  substances  are  well- 
known  anomalies  of  electrical  conductivity.  The  purpose  of  this 
paper  is  to  describe  some  new  cases  of  this  sort,  which  may,  per- 
haps, lead  to  a  new  point  of  attack  of  the  questions  of  asymmet- 
rical conduction  in  contact  rectifiers,  and  also  of  the  problem  of  the 
coherer. 

Outline  of  the  Work. 

The  work  herein  described  grew  from  a  study  of  the  conductivity 
of  loose  powders,  a  subject  on  which,  so  far  as  the  writer  has  been 
able  to  learn,  practically  no  work  has  been  done  (except  in  the  case 
of  the  coherer).  In  investigations  where  the  specific  resistance  of 
salts  has  been  measured,  the  substances,  although  existing  after 
purification  as  powders,  have  in  all  cases  been  submitted  to  pres- 
sures in  the  neighborhood  of  10,000  atmospheres  before  any  meas- 
urements of  the  resistance  have  been  taken. 

In  the  work  described  in  this  paper,  the  writer  investigated 
chiefly  three  phenomena  of  conduction  through  loose  powders  and 
certain  solid  substances:  (i)  Change  of  conductivity  with  time. 

(2)  The  development  of  asymmetry  of  conduction,  that  is,  difference 
of  conductivity  in  the  direction  of  and  opposite  to  the  current. 

(3)  Deviation  from  Ohm's  law. 

Apparatus. 
The  resistance  of  the  powders  examined  was  very  high  —  e,  g,, 
the  mean  of  two  values  of  the  specific  resistance  for  powdered  cal- 
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cium  sulphide  was  1.72  x  10^  ohms.  Thus  the  conductivity  could 
only  be  measured  by  using  a  thin,  wide  layer  of  the  powder,  a  high 
E.M.F.,  and  a  sensitive  galvanometer.     The  apparatus  is  shown  in 


ihhHhl 


Fig.  1. 


Fig.  I.  The  powder  was  sprinkled  over  a  flat  copper  disk  6  inches 
in  diameter  to  a  depth  of  about  a  millimeter.  Then  a  similar  disk 
on  which  was  a  lead  weight  W  was  placed  on  this  layer.  This  re- 
sistance, or  bridge  (as  a  conductor  of  high  resistance  will  be  called, 
for  lack  of  a  better  term),  was  placed  in  series  with  a  sensitive 
Broca  galvanometer  G.  An  E.M.F.  was  applied  by  a  battery  of 
forty  small  storage  cells,  so  that  the  E.M.F.  could  be  varied  by 
steps  of  closely  two  volts  from  o  to  80  volts.  A  reversing  switch 
5  was  provided.  Throughout  the  work  the  galvanometer  sensi- 
bility was  7. 156  X  io~'  amperes  per  mm.  of  the  scale. 

The  substances  studied  were  the  sulphides  of  calcium,  barium, 
zinc,  and  mercury,  sulphate  of  calcium  and  of  mercury,  calcium 
fluoride, '  barium  carbonate,  magnesium  oxide,  mercuric  oxide, 
mercurous  oxide,  litharge,  zinc-dust,  mercuric  iodide,  solid  silver 
iodide,  borax,  zinc  perborate,  selenium,  and  molybdenite. 

Of  the  solid  substances  used  in  the  experiments,  the  silver  iodide 
bridge  was  made  by  fusing  precipitated  silver  iodide  on  a  glass  plate 
on  which  had  previously  been  bound  two  platinum  wires,  .5  cm. 
apart,  as  electrodes.  The  silver  iodide  was  heated  highly  so  as  to 
reduce  some  of  the  silver,  to  aid  in  the  conduction,  and  in  some 
cases  a  trace  of  silver  nitrate  was  added.  This  bridge,  when  cold, 
had  a  high  resistance,  but  not  so  high  as  to  make  readable  deflec- 
tions impossible. 

Barium  sulphide,  in  the  form  of  hard  lumps,  was  ground  down  on 
an  emery  wheel  and  finally  filed  into  the  form  of  thin  disks. 
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The  mineral  molybdenite  —  the  other  solid  substance  examined 

—  was  split  into  thin  plates.     The  other  substances  call  for  no  special 
mention. 

Change  of  Conductivity  with  Time. 
It  has  been  observed^  that  when  certain  solid  sulphides,  lead 
sulphide  and  silver  sulphide,  are  heated  by  the  passage  of  a  current 
through  them,  the  conductivity  increases  greatly.  On  removing 
the  heating  current,  it  is  found  that  the  conductivity  falls  to  its 
original  value,  then  falls  somewhat  below  it,  thence  slowly  increas- 
ing to  the  original  value,  in  about  40  minutes.  Other  than  this, 
the  conductivity  of  substances  —  excepting  in  the  electrolytic  state 

—  does  not  change  with  time. 

In  the  case  of  the  powders  and  solids  here  considered,  however, 
the  conductivity  varied  with  the  length  of  time  the  current  was 
applied,  at  ordinary  temperature. 

In  most  cases,  when  an  E.M.F.  was  applied,  the  conductivity 
fell  very  rapidly  at  first,  then  more  and  more  slowly,  approaching 
a  limiting  value,  many  times  less  than  the  original  conductivity. 
If,  after  this  exposure  had  continued  for  some  time  the  circuit  was 
broken,  the  conductivity  slowly  regained  its  original  value,  the 
increase  being  most  rapid  at  first.  When  the  exposure  was  long 
enough  to  make  the  conductivity  constant,  the  state  of  the  substance 
seemed  fairly  steady,  that  is  to  say,  if  the  circuit  were  opened  for 
a  short  time  and  then  closed,  the  conductivity  soon  regained  the 
steady  value  before  the  interruption.  It  was  found,  in  this  way, 
that  a  momentary  breaking  or  even  reversing  of  the  current,  did 
not  change  appreciably  the  conductivity  of  this  steady  state.  Thus 
it  may  be  assumed  that  in  studying  the  rise  of  conductivity  after 
exposure  to  the  steady  E.M.F.,  momentary  application  of  the  E.M.F. 
to  get  a  deflection  did  not  change  the  conductivity  of  the  substance 
appreciably. 

This  change  of  conductivity  with  time  differed  both  as  regards 
magnitude  and  direction  with  various  substances.  Of  the  powders 
used,  calcium  sulphide  gave  the  greatest  change  in  magnitude. 
On  one  occasion,  after  an  exposure  to  the  E.M.F.  of  three  days, 
the  conductivity  rose  60  fold  in  21  hours.  The  initial  changes  pro- 
duced in  calcium  sulphide   by  the  E.M.F.  were  too  rapid  to  be 

»  Streintz,  Phyi.  Zcit,  4,  p.  106,  1903. 
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recorded.  A  curve  is,  however,  given  (Fig.  2,  /)  showing  the 
effect  of  application  of  the  E.M.F.  to  a  specimen  of  calcium  sul- 
phide, 40  minutes  after  a  previous,  long,  application.  The  first  part 
of  the  curve  shows  the  effect  of  the  steady  application  —  the  second 
part,  the  effect  after  the  E.M.F.  was  removed,  it  being  applied  then 
only  long  enough  to  take  readings. 


^ 


%o       ai«        40        io 

Fig.  2.  Time-conductiTity  change  for  /,  calcium  sulphide,  current  applied  during 
(a^)  ;  //,  zinc  sulphide ;  ///,  magnesium  oxide ;  /F,  strontium  sulphide ;  F,  solid 
barium  sulphide.    Ordinates,  deflections,  absdsste,  time  in  minutes. 

The  substances  which  exhibited  a  decrease  of  conductivity  on 
continued  passage  of  a  current  were  —  arranged  in  the  order  of  mag- 
nitude of  the  effect  —  calcium  sulphide,  barium  sulphate,  borax, 
zinc  sulphide  ( Fig.  2,  77),  magnesium  oxide  (Fig.  2,  ///),  mercur- 
ous  sulphide,  mercuric  sulphide,  zinc  dust,  calcium  sulphate,  solid 
silver  iodide,  strontium  sulphide  (  Fig.  2,  IF)  and  litharge. 

Those  exhibiting  an  increase  were  —  solid  molybdenite,  barium 
carbonate,  powdered  barium  sulphide,  solid  barium  sulphide  (Fig. 
2,  F),  and  red  iodide  of  mercury. 

Barium  fluoride,  zinc  perborate,  and  selenium,  all  powdered, 
showed  neither  increase  nor  decrease  to  any  appreciable  extent. 

Effect  of  a  Vacuum. 
All  the  powders  that  were  examined,  except  selenium,  and  even 
the  solids,  silver  iodide  and  barium  sulphide,  showed  a  marked  effect 
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when  the  vessel  in  which  they  were  contained  was  exhausted  by 
an  air  pump.  The  effect  in  nearly  all  cases  was  the  same  —  a  great 
decrease  in  conductivity,  the  change  persisting  until  air  had  been 
readmitted,  following  which  there  was  a  gradual  rise.  With  mag- 
nesium oxide,  the  conductivity  was  reduced  to  one  ninth  the  initial 
value  by  the  vacuum,  and  with  other  substances  the  change  was 
comparable  with  this.  The  behavior  of  calcium  sulphide  is  illus- 
trated by  Fig.  3,  /.  For  all  other  substances,  except  solid  barium 
sulphide,  and  molybdenite  the  curves  are  similar.     With  barium 
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Fig.  3.  Effect  of  a  Vacuum  00  the  Conductivity  of :  /,  Calcium  sulphide ;  //,  solid 
barium  sulphide ;  ///,  powdered  barium  sulphide,  (a)  Vacuum  produced,  (^)  air 
admitted.     Ordiuates,  deflections,  abscissae,  time  in  minutes. 

sulphide  the  rise  on  admitting  air  was  somewhat  abrupt  (  Fig.  3,  //). 
When  the  barium  sulphide  was  powdered,  the  curve  obtained  re- 
sembled that  for  calcium  sulphide  (Fig.  3,  ///)  as  did  also  that  for 
the  solid  silver  iodide.  Solid  molybdenite  appeared  to  give  a  rather 
sudden  fall  in  conductivity  of  about  1 5  per  cent,  on  producing  the 
vacuum,  and  a  corresponding  rise  on  admitting  air. 

The  effect  seemed  to  be  more  or  less  independent  of  the  current 
With  CaS,  when  the  E.M.F.  was  applied  for  a  short  time,  at  inter- 
vals of  two  minutes  after  exhaustion,  the  deflections  corresponding 
to  these  applications  kept  growing  smaller.  After  admitting  air, 
they  kept  increasing.  A  vacuum  now  caused  them  to  decrease 
and  a  readmission  of  air  caused  them  to  increase. 
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An  E.M.F.  was  applied  steadily  to  CaS  until  the  deflection  had 
reached  a  fairly  steady  value.  The  E.M.F.  was  then  removed,  and 
a  vacuum  produced.  On  reapplication  of  the  E.M.F.  the  deflection 
was  found  to  be  only  20  per  cent,  of  that  just  before  exhaustion. 
When  the  conductivity  was  at  its  lowest,  under  the  influence  of  a 
vacuum,  jarring  the  bridge  caused  a  rather  feeble  rise,  but  after  the 
air  had  been  readmitted  and  the  conductivity  had  risen,  jarring 
caused  a  considerable  rise. 

Later  experiments  have  indicated  that  the  proportionate  drop  in 
deflection,  after  a  one-minute  application  of  the  vacuum,  is  the  same 
whether  the  E.M.F.  has  been  applied  for  a  very  short  time,  imme- 
diately before  producing  the  vacuum,  or  for  five  minutes. 

Further  Observations. 

The  powders  differed  markedly  as  regards  fineness.  The  calcium 
sulphide,  barium  fluoride,  magnesium  oxide,  and  the  carbonates  and 
sulphates  were  all  very  fine.  The  zinc  sulphide  was  somewhat 
coarse,  while  the  selenium  was  the  coarsest  of  all.  The  other  pow- 
ders were  nearly,  if  not  quite,  as  fine  as  those  first  mentioned.  The 
resistances  of  the  powders  differed  widely,  but  the  copper  disks  could 
be  used  for  all  powders  except  zinc  dust,  which  had  to  be  used  in 
a  glass  tube  resembling  a  coherer. 

No  polarization,  or  back  E.M.F.,  could  be  observed  at  any  time 
If  the  bridge  —  or  system  containing  the  powder  —  were  short  cir- 
cuited across  the  galvanometer,  no  swing  followed.  Only  when 
the  resistance  of  the  powder  was  so  extremely  high  that  readings 
could  not  well  be  taken  could  a  deflection  be  observed  —  the  bridge 
then  acting  as  a  condenser. 

In  the  experiments  described,  copper  electrodes  were  used,  but 
no  apparent  change  was  produced  when  the  electrodes  were  tin, 
zinc  or  platinum. 

The  powdered  sulphides  gradually  produced  a  thin,  bluish  film 
of  sulphide  on  the  copper  electrodes.  This  did  not  influence  the 
results,  as  a  bridge,  allowed  to  stand  for  three  days  after  having 
been  freshly  prepared,  showed  the  same  phenomena  as  a  bridge 
tried  immediately  after  being  made. 

It  was  found  that  after  the  conductivity  of  the  calcium  sulphide 
had  fallen  to  a  fairly  steady  value,  under  the  influence  of  an  E.M.F., 
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the  disks  with  the  powder  between  them  could  be  disturbed  in  cer- 
tain ways  without  changing  much  the  value  of  the  conductivity  at 
that  time.  When  the  current  was  removed  for  a  moment  and  was 
then  applied  again,  the  conductivity  was  found  to  have  risen,  but  it 
soon  fell  back  to  the  steady  value.  If  the  upper  copper  disk  were 
now  lifted  off  very  carefully,  and  then  replaced,  the  conductivity 
was  likewise  found  to  have  risen,  but  it  soon  fell  back  to  the  steady 
value.  If,  however,  the  powder  itself  were  stirred  or  jarred,  the 
conductivity,  after  the  disturbance,  was  found  to  have  risen  much 
higher  —  the  bridge  behaving  as  if  freshly  prepared.  • 

The  action  of  a  powder,  as  regards  the  time*  conductivity  change, 
is  not  always  the  same.  In  many  trials  at  different  times,  calcium 
sulphide  and  borax  showed  a  decrease  of  conductivity  with  time. 
Once,  however,  for  each  powder,  there  was  an  exception,  for  no 
apparent  reason.  The  rise  with  time  in  the  case  of  calcium  sul- 
phide was  almost  linear,  the  curve  being  slightly  convex  toward 
the  time-axis,  while  the  curve  for  the  borax  resembled  the  hyste- 
resis curve  for  iron,  being  S-shaped.  These  cases  could  not  be 
repeated. 

A  peculiar  time-conductivity  effect  was  noticed  with  barium  sul- 
phide, which  might  be  called  a  spontaneous  rise  of  conductivity. 
It  was  found  that  when  the  barium  sulphide  was  freshly  powdered, 
the  conductivity  rose  to  three  times  its  initial  value  in  3.5  minutes, 
the  E.M.F.  being  applied  only  long  enough  to  take  readings.  To 
investigate  this  further,  a  sample  of  freshly  powdered  barium  sul- 
phide was  divided  into  two  parts ;  one  was  placed  in  a  vacuum 
desiccator  for  twenty  hours,  and  the  other  exposed  to  the  air  of  the 
room  for  the  same  time.  The  conductivity  of  the  former  part  was 
found  to  rise  slowly  after  removal  from  the  desiccator,  increasing  by 
one  third  in  twenty  minutes,  while  that  of  the  latter  decreased  to 
about  one  half  in  two  minutes  —  in  each  case  the  E.M.F.  being 
applied  only  long  enough  to  take  readings.  When  the  E.M.F. 
was  applied  steadily,  the  conductivity  fell  in  both  cases.  To  find 
whether  or  not  the  applications  of  the  E.M.F.  for  a  short  time  were 
important,  a  third  experiment  was  performed.  Two  bridges,  as 
nearly  equal  as  possible,  were  made  from  freshly  powdered  barium 
sulphide.     The  conductivity  of  one,  I.,  was  observed  immediately 
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after  setting  up  —  the  other,  II.,  not  until  five  minutes  later.  After 
this  the  conductivity  of  both  was  observed  at  the  same  time  for 
five-minute  intervals  for  an  hour.  Bridge  I.  gave  a  somewhat 
greater  conductivity  at  first,  but  both  gave  decreasing  values  (Fig. 
4).     After  the  experiment  represented  by  Fig.  4  was  performed,  the 
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Fig.  4.     Spontaneous  Rise  in  Conducdvitj,  freshly  powdered  Barium  Sulphide.     /, 
Bridge  no.  I,  ordinates,  deflections  ;  //,  Bridge  no.  2,  abscissae,  time  in  minutes. 

powder  was  stirred,  and  the  experiment  was  repeated.  This  time, 
the  conductivity  also  rose,  but  to  a  much  less  extent  A  later  ex- 
periment has  indicated  that  the  conductivity  may  increase  and  remain 
large  if  the  E.M.F.  is  not  applied  often. 

A  nickel-silver  coherer  of  the  ordinary  type  was  examined  under 
various  conditions  to  detect,  if  possible,  a  time-conductivity  effect, 
but  the  results  were  not  consistent.  At  times,  however,  the  appli- 
cation of  an  E.M.F.  caused  a  sudden  decrease  of  conductivity, 
while  its  removal  caused  a  gradual  rise. 

Asymmetric  Conduction. 
Certain  cases  in  which  conductivity  in  the  direction  in  which  the 
current  is  flowing  is  different  from  that  in  the  reverse  direction  are 
common.  Examples  of  these  are  the  battery,  in  which  a  back 
E.M.F.  exists,  and  the  mercury  vapor  lamp,  where  a  stream  of 
charged  particles  tends  to  carry  the  current  in  one  direction. 
There  are  also  cases  of  contact  between  substances  —  usually  point 
contact  —  where  the  same  peculiarity  of  conductivity  exists.  It 
has  been  shown  ^  that,  while  contacts  of  silicon  and  steel,  carbon 
and  steel,  and  aluminium  and  tellurium  act  as  alternating-current 
rectifiers,  they  also  exhibit  unilateral  conductivity  with  direct  cur- 

*  Austin,  Bull.  Bur.  SUndards,  5,  I,  p.  133,  1908. 
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rent.  With  the  aluminium-tellurium  contact,  the  effect  with  direct 
current  may  be  observed  even  if  a  no.  20  aluminium  wire  is  melted 
into  a  block  of  tellurium. 

It  is  not  necessary,  however,  that  the  contact  should  be  that  of 
different  substances.  It  has  been  found  *  that  if  a  coherer  formed 
by  two  copper  wires  touching  each  other  is  made  to  cohere  in  the 
ordinary  manner,  by  a  spark  some  distance  away,  the  wires,  if  sep- 
arated and  held  apart  a  few  moments,  will  not  recohere  when  placed 
together  again,  but  will  do  so  if  the  current  be  reversed.  The  wires 
may  be  again  separated  and  the  action  repeated  several  times. 
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Fijf.  5.  /,  Asymmetric  Behavior  of  Calcium  Sulphide ;  //,  Recovery  of  Calcium 
Sulphide  after  I  hr.  22  min.  exposure  to  the  E.M.F.  {a)  Current  reversed,  (^)  circuit 
opened.     Ordinates,  deflections,  abscissae,  time  in  minutes. 

The  effects  to  be  described  resemble  those  just  considered.  It 
will  be  convenient  to  call  A  the  conductivity  in  the  direction  of  the 
initial  current,  and  B  the  conductivity  in  the  opposite  direction. 

The  relation  between  A  and  B  for  calcium  sulphide  is  shown  by 
Fig«  5-  The  current  was  kept  constantly  in  the  direction  A,  and 
brief  reversals  for  B  were  made  at  intervals  of  two  minutes,  only 
long  enough  to  take  a  reading.  The  current  was  then  reversed, 
and  it  will  be  noticed  that  here  A  rose  steadily  while  B  fell.  This 
illustrates  the  steady  increase  of  conductivity  in  the  direction  oppo- 
site to  that  in  which  the  current  is  flowing,  characteristic  of  calcium 

^Shaw  and  Garret,  Phil.  Mag.,  8,  p.  164. 
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sulphide.  On  opening  the  circuit,  and  taking  readings  for  the  con- 
ductivity at  intervals  of  two  minutes  —  applying  the  current  for  as 
short  a  time  as  possible  —  A  fell,  while  B  kept  rather  constant.  It 
is  to  be  noted  that  the  deflection  for  A  reached  a  steady  value 
quickly.  For  B,  however,  the  initial  throws  grew  larger  and 
larger,  falling  rather  rapidly  to  the  same  scale  division  each  time. 
The  resistance,  then,  increased  in  one  direction,  on  opening  the 
circuit.  The  specimen  of  powdered  calcium  sulphide  used  in  this 
experiment  had  been  previously  subjected  to  reversals. 

Two  fresh  bridges  of  calcium  sulphide  were  then  prepared.  One 
was  exposed  to  the  E.M.F.  for  i8  minutes.  When  the  circuit  was 
opened,  A  fell  slightly,  then  rose,  while  B  rose,  as  it  had  been 
doing  before  the  E.M.F.  was  removed.     The  other  bridge  was 
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Fig.  6.  Asymmetric  conduction  in  :  /,  Selenium  ;  //,  solid  siWer  iodide ;  ///,  molyb- 
denite, (a)  Current  reversed,  (d)  circuit  opened.  Ordinates,  deflections,  abscissae, 
time  in  minutes. 

exposed  to  the  E.M.F.  for  i  hour  22  minutes.  Here  the  increase 
in  resistance  on  opening  the  circuit  was  clearly  marked  (  Fig.  5,  //). 
The  behavior  of  coarsely  powdered  selenium  was  peculiar.  At 
first  the  difference  between  A  and  B  was  not  marked  (Fig.  6,  /), 
but  on  reversal  of  the  current  the  conductivity  in  the  direction  of 
the  current  then  flowing  fell  slightly,  while  that  in  the  opposite 
direction  rose  considerably.  The  effect  on  opening  the  circuit  was 
similar  to  that  of  calcium  sulphide  after  a  long  exposure  to  the 
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E.M.F.  The  conductivities,  on  reversing,  appeared  to .  reach  a 
steady  state  after  a  short  time.  For  example,  in  one  case  the  initial 
deflections  were  A,  15  ;  B,  16.8;  an  E.M.F.  was  applied,  for  88 
hours,  after  which  they  were,  A,  14.5  ;  ^,  15,  rising  quickly  to  22. 
After  several  reversals  a  steady  state  was  obtained  with  -^,15; 
B,  22. 

The  bridge  of  solid  silver-iodide  described  above,  showed  the 
asymmetry  markedly.  The  current  fell  in  the  initial  direction  and 
rose  in  the  opposite  direction.  This  was  true  on  reversal.  Fig.  6, 
//.  It  should  be  noticed  that  with  this  substance  the  curves  for  A 
and  B  are  of  the  same  shape,  one  of  them  being  inverted.  With 
this  substance,  when  a  vacuum  was  produced,  A  dropped  to  one 
fourth  its  value,  while  B  dropped  to  two  fifths  its  value  before  the 
production  of  the  vacuum. 

The  mineral  molybdenite  behaved  differently  from  the  other  sub- 
stances examined,  in  that  A  increased  with  the  time,  while  B  fell. 
After  applying  the  E.M.F.,  the  conductivities  soon  reached  a  steady 
state.  The  phenomenon  was  here  complicated  by  the  fact  that  a 
given  state  in  the  molybdenite  tended  to  persist.  In  other  words, 
with  a  perfectiy  fresh  specimen,  the  E.M.F.  produced  a  state  which 
persisted  for  a  considerable  time  —  the  conductivity  for  this  initial 
direction  being  pennanently  above  that  in  the  reverse  direction. 
The  effects  of  subsequent  reversals  were  superposed  upon  this 
permanent  effect  The  molybdenite  showed  the  effect  clearly  after 
standing  for  a  day.  It  could  be  removed  from  between  the  copper 
plates  or  electrodes,  turned  over  and  replaced,  and  would  show  the 
same  effect  if  the  conductivity  were  measured  with  a  current  in  the 
same  direction  through  the  specimen  as  before.  The  state  could  be 
obliterated,  however,  if  the  specimen  were  split  into  laminae,  and 
some  of  these  were  reversed.  This  state  was,  curiously,  influenced 
by  sparks  from  an  induction  coil,  several  feet  away  from  the  ap- 
paratus. After  a  spark  had  passed,  the  state  was  often  reversed,  and 
the  conductivity,  in  general,  was  higher.  Such  sparks  had  no  appar- 
ent influence  on  the  other  substances  examined.  Fig.  6,-  ///,  shows 
the  changes  in  conductivity  of  a  specimen  of  molybdenite,  with  a 
permanent  state,  after  standing  over  night.  It  will  be  noticed  that 
B  tended  to  be  permanently  above  A.     In  this  experiment  A  and 
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B  were  in  the  same  direction  for  a  short  time  after  applying  the 
E.M.F. 

Asymmetry  was  found  with  a  coherer  of  the  ordinary  form,  made 
of  nickel-silver  filings.  A  state  of  asymmetry  would  appear  more 
or  less  suddenly,  remain  rather  constant,  and  persist  even  if  rever- 
sals were  made  rapidly.  The  tendency  seemed  to  be  for  A  to 
remain  steady  and  for  B  to  rise,  and  B  could  stay  permanently 
twice  A. 

When  reversals  were  made,  in  studying  asymmetry,  a  certain 
sluggish  action  was  noticed  with  selenium  which  was  not  shown 
with  the  other  substances.  When  the  current  was  flowing  in  the 
direction  A,  in  selenium,  and  a  steady  deflection  had  been  reached^ 
for  both  A  and  -ff,  a  reversal  gave  immediately  the  larger  deflection 
for  B^  but  a  reversal  back  to  the  original  direction  did  not  give  the 
original  deflection  at  once,  but  the  deflection  fell  rather  slowly  from 
the  higher. 

Deviation  from  Ohm's  Law. 

The  substances  that  were  studied  did  not  show  a  proportionality 
of  current  to  E.M*F.  In  other  words,  the  conductivity  depended 
upon  the  applied  E.M.F. 

As  has  been  said,  after  the  E.M.F.  had  been  applied  long  enough 
to  bring  the  conductivity  to  a  constant  value,  it  could  be  removed 
for  a  moment,  and  when  reapplied  the  same  conductivity  would  be 
shown.  It  was  found  that,  if  the  E.M.F.  were  removed,  and  various 
other  E.M.F.'s  applied  in  rather  rapid  succession,  readings  could 
be  taken  of  the  deflections  corresponding  to  these  other  E.M.F.'s, 
which  would  be  perfectly  definite  and  not  depend  upon  the  order  in 
which  they  were  applied,  and  that  after  this  had  been  done,  the 
original  E.M.F.  produced  closely  the  original  deflection.  Hence, 
at  any  particular  time,  agreement  with  Ohm's  law  could  be  tested. 

A  calibration  curve  was  first  made  for  the  galvanometer  by  apply- 
ing equal  steps  of  voltage  from  across  a  slide-wire  in  series  with  a 
high  resistance.  The  curve  in  which  these  increments  were  plotted 
against  the  corresponding  deflections  was  a  straight  line. 

All  the  powders  and  the  three  solids  examined  showed  deviation 
from  Ohm's  law,  except  powered  zinc  perborate.  Arranged  in  the 
order  of  magnitude  of  the  effect;  /.  ^.,  the  magnitude  of  the  curva- 
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ture,  they  were,  molybdenite  (Fig.  7,  /),  calcium  sulphide,  solid 
barium  sulphide  (Fig.  7,  /F),  powdered  barium  sulphide,  mercuric 


Figf.  7.  Deyiation  from  Obin's  Lmw  of:  /,  Solid  molybdenite;  //,  solid  barium 
sulpbide;  ///,  magnesium  oxide;  /K,  strondam  solpbide;  V^  solid  siWer  iodide; 
VI y  zinc  perborate.     Ordinates,  potential  by  storage  cells,  abscissae,  deflection. 

oxide,  zinc  dust,  magnesium  oxide  (Fig.  7,  ///),  borax,  strontium 
sulphide  (Fig.  7,  IV),  mercuric  iodide,  barium  carbonate,  barium 
sulphate,  barium  fluoride,  zinc  sulphide,  solid  silver  iodide  (Fig.  7, 
V  ),  calcium  sulphate,  litharge,  mercurous  oxide,  and  zinc  perborate 
(Fig.  7,  VI\  which  last  gave  no  sensible  deviation  whatever.  From 
the  curves  it  is  seen  that  those  substances  which  deviate  but  slightly 
do  so  most  strongly  at  low  voltages.  In  these  curves,  the  ordinates 
represent  the  number  of  storage  cells  used  in  obtaining  the  E.M.F. 

The  deviation  from  Ohm's  law  was  present  under  all  conditions 
except  when  great  pressure  was  applied.  A  heavy  press  used  for 
making  pellets  for  a  bomb  calorimeter  was  used  to  furnish  the  pres- 
sure on  a  specimen  of  powdered  calcium  sulphide.  As  the  pressure 
was  increased,  the  curves  approached  a  straight  line.  Figs.  8,  /, 
//and  ///show  the  relation  between  current  and  E.M.F.  before 
applying  pressure,  with  considerable  pressure,  and  with  the  greatest 
possible  pressure,  respectively.  It  will  be  noticed  that  Fig.  8,  //, 
resembles  the  curve  for  selenium. 

Even  in  a  vacuum,  the  deviation  from  Ohm's  law  was  present. 
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The  marked  change  in  conductivity  necessarily  caused  a  change  in 
the  curvature,  as  is  evident  from  Figs.  9,  /,  //,  ///. 
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Fig.  8.  Effect  of  Pressure  on  the  Deviation  from  Ohm's  Lmw  in  Calcium  Sulphide: 
/,  Before  applying  pressure;  //,  with  considerable  pressure;  ///,  with  great  pressure. 
Ordinates,  potential,  by  storage  cells,  abscissae,  deflection. 

The  deviation  did  not  disappear  with  current  densities  many  times 
greater  than  those  ordinarily  used  in  the  experiments.  When  the 
current  density,  as  indicated  by  the  shunted  galvanometer,  was 
increased  to  300  times  the  usual  value  with  calcium  sulphide, 
requiring  the  application  of  40  volts.  Ohm's  law  was  not  obeyed. 
When,  however,  60  or  80  volts  were  applied,  the  current  became 
much  larger,  and  very  irregular. 

No  difference  in  the  effect  could  be  detected  after  the  calcium 
sulphide  had  been  placed  on  a  glass  plate  in  a  closed  vessel  over 
water  for  a  day,  or  in  a  vacuum  desiccator  over  sulphuric  acid. 

An  electric  discharge  had  a  marked  defect  on  the  conductivity  of 
zinc-dust,  but  did  not  change  the  deviation  from  Ohm's  law  to  any 
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Fig.  9.  Effiect  of  a  Vacuum  on  the  Deviation  from  Ohm*s  Law  in  Calcium  Sulphide : 
/,  Before  the  vacuum ;  //,  during  the  vacuum  ;  ///,  immediately  after  the  vacuum. 
Ordinates,  potential,  by  storage  cells,  abscissae,  deflection. 

appreciable  extent.     As  the  conductivity  of  zinc-dust  was  better 
than  that  of  the  other  powders  used,  it  was  possible  to  make  a  bridge 
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of  it  in  the  form  of  a  tube  coherer.  The  tube  of  the  coherer  was 
placed  one  inch  from  the  spark  gap  of  a  small  induction  coil,  parallel 
to  the  axis  of  the  gap.  It  was  found  that  sparks  caused  the  con- 
ductivity of  the  zinc  dust  to  increase  about  100  fold,  but,  when 
steady  readings  were  possible,  the  deviation  was  still  present.  After 
the  sparking,  the  conductivity  of  the  zinc-dust  coherer  fell,  whether 
the  current  were  on  or  off. 

A  peculiarity  of  the  deviation  is  that,  with  the  same  substance, 
the  upper  part  of  the  E-I  curve  is  more  or  less  straight.  Here, 
again,  there  seems  to  be  a  general  tendency,  which  is  followed 
except  in  a  very  few  cases. 

The  above  phenomena,  in  general,  may  reasonably  be  considered 
as  contact  phenomena ;  /.  ^.,  changes  taking  place  at  the  junctures 
between  particles.  It  is  evidently  so  for  powders,  and  is  more  or 
less  so  in  the  case  of  solid  silver  iodide,  barium  sulphide,  and  molyb- 
denite, if  it  be  assumed  that,  in  the  first  two  bodies,  there  is  point 
contact  between  the  interlocking  crystals,  and,  in  the  last,  line  con- 
tact between  thin  laminae. 

This  being  so,  there  should  be  some  resemblance  between  the 
behavior  of  powders,  and  of  the  coherer.  Such  a  resemblance  can 
be  seen  by  a  consideration  of  what  has  been  already  found  con- 
cerning coherer  phenomena. 

The  Conductivity  of  the  Coherer. 
{a)  Particle-coherers, 

It  has  been  found  ^  that  a  film  of  some  sort  is  necessary  between 
the  coherer  particles.  For  example,  silver  filings  cannot  be  used 
as  a  coherer,  but  can  be,  after  exposure  to  hydrogen  sulphide.  If 
exposed  too  long,  however,  the  efficiency  falls  off,  the  film  becom- 
ing too  thick. 

Sparks  usually  pass  between  the  particles.  Minute  sparks  have 
been  observed  microscopically  even  with  particles  surrounded  by 
Canada  balsam.^  They  have  also  been  observed,  between  steel, 
across  a  gap  of  0.006  mm.,  before  a  galvanometer  indicated  a  cur- 

» A.  Blondel,  ficl.  felect,  16,  p.  316,  1898. 

*L.  Arons,  Ann.  Phjrs.  Chem.,  63,  3,  p.  567,  1898. 
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rent  Small  particles  were  observed  to  fly  across  before  a  bridge 
formed.* 

Fusions  take  place  at  the  contacts.  This  has  been  shown  by 
producing  coherence  in  a  coherer  of  iron  fihngs  and  subsequently 
removing  the  loose  filings  with  a  magnet,  leaving  the  chains  of 
particles ;  *  also,  by  producing  coherence  in  a  tube  of  brass  filings, 
and  observing  that  the  resistance  lengthwise  of  the  tube  was  very 
much  lower  than  that  transversely.* 

As  the  pressure  of  particle  on  particle  is  increased,  up  to  the  pres- 
sure at  which  the  particles  come  into  actual  metallic  contact  with 
each  other,  the  coherer  becomes  more  and  more  sensitive.* 

Lowering  the  temperature  of  the  coherer  produces  no  result ; 
raising  the  temperature  produces  decoherence. 

The  particles  of  a  coherer  may  produce  effects  by  being  in 
motion.  Brass  turnings  between  two  highly  charged  plates,  in  oil, 
may  execute  an  "  electric  dance,"  carrying  charges  to  and  fro  until 
the  turnings  finally  become  welded  together  as  chains.^  Besides 
this  action,  charges  on  adjacent  particles  must  exert  forces  tending 
to  draw  the  particles  together.  This  has  been  given  •  as  an  expla- 
nation of  the  deviation  of  the  coherer  from  Ohm's  law.  When  a 
coherer  is  regularly  tapped  many  times  a  second  to  produce  deco- 
herence, definite  deflections  of  a  galvanometer  may  be  had  when 
various  E.M.F.'s  are  applied.  The  curve  giving  the  relation  be- 
tween E  and  /  is  not,  however,  a  straight  line,  but  is  concave  to- 
ward the  axis  of  /,  becoming  approximately  linear  with  increase  of 
E,  There  is  apparently  no  critical  voltage.  Eccles  explained  this 
on  the  supposition  that  the  particles  are  free  to  move,  are  not  circu- 
lar, and  hence  are  acted  upon  by  a  couple,  which  tends  to  pull  the 
long  axis  in  line  with  the  current.  The  Er-I  curve  showed  initial 
curvature  in  all  cases,  the  curvature  persisting  for  the  higher  values 
of  jE  with  non-sensitive  coherers.  (It.  is  to  be  noted  here  that  in 
the  work  described  in  the  present  paper  all  the  powders  and  solids 

>J.  Harden,  Electrotech.  Zcit.,  21,  p.  272,  1900. 

*T.  Sundorph,  Wied.  Ann.  68,  3,  p.  594,  1899. 

«F.  Campanille  and  G.  di  Ciommo,  Elect.  Rev.,  IV.,  V.,  36,  p.  353, 1900. 

*P.  Jegou,  feci,  felect,  51,  p.  82,  1907. 

*R.  Malagoli,  N.  Cimento,  10,  p.  279,  1899. 

6  Eccles,  Electrician,  47,  p.  682,  p.  715,  1901. 
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examined  except  molybdenite  were  insensitive  to  Hertz  waves.) 
The  straight  part  of  the  curve,  then,  is  reached  when  most  of  the 
particles  have  turned  with  their  long  axes  in  the  direction  of  the 
current  This  theory,  however,  seems  somewhat  disproved  by  the 
fact  that  the  same  curves  have  been  obtained  with  nickel  filings  in 
kerosene  *  where  the  resistance  to  turning  ought  to  be  much  greater. 

(^)  Ball-coherers, 

Where  the  contact  is  between  particles  of  considerable  size,  fusion 
takes  place  on  coherence,  as  has  been  shown '  by  the  fact  that,  when 
two  copper  wires  cohere,  it  requires  a  small  but  measurable  pull  to 
separate  them. 

The  conductivity  of  the  ball-coherer  has  been  carefully  studied,* 
by  means  of  a  coherer,  one  of  the  balls  of  which  was  held  by  a 
spring  and  could  be  given  a  fine  adjustment  with  a  screw.  Spark- 
ing and  the  attending  complications  was  avoided.  When  both  con- 
tacts were  heated,  the  resistance  of  the  coherer  decreased,  regaining 
the  initial  value  on  cooling.  When  one  contact  only  was  heated, 
the  resistance  was  different  in  the  two  directions  —  the  potential 
difference  of  the  coherer  being  lower  when  the  electricity  flowed 
from  the  hotter  to  the  colder  side.  For  a  considerable  range,  the 
resistance  did  not  depend  on  the  pressure  between  the  balls. 

The  deviation  from  Ohm's  law  was  peculiar.  As  the  E.M.F. 
was  slowly  increased,  the  current  increased,  at  first  slowly,  and  then 
more  and  more  rapidly,  the  E.M.F.  approaching  a  constant  value, 
the  critical  voltage,  which  was  characteristic  of  each  metal.  Guthe 
and  Trowbridge  explained  this  by  considering  that  as  the  E.M.F. 
becomes  greater,  the  tension  across  the  film  at  the  contact  increases, 
and  ions  break  through  and  conduct  The  more  filled  up  this  area 
of  film  is,  the  less  readily  the  ions  go  over,  thus  creating  a  tendency 
for  the  area  of  contact  to  become  greater  and  greater  and  the 
potential  difference  to  become  less  and  less  with  increasing  current 
until  the  critical  voltage  is  reached.  As  the  potential  does  not  vary 
through  a  considerable  range  of  current,  we  cannot  have  to  do  with 
a  time  rate  of  heaping  up  of  ions.     It  is  a  curious  fact  that  the 

»  Huth,  Phys.  Zcit..  4.  p.  594,  1903. 

*  Shaw  and  Garret,  loc,  cU.f  p.  413. 

*  Guthe  and  Trowbridge,  Phys.  Rev.,  ii,  p.  22;  12,  p.  245. 
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product  of  the  critical  voltage  and  the  atomic  weight  is  approxi- 
mately a  constant 

Guthe  and  Trowbridge  explained  negative  action,  or  the  increase 
of  resistance  of  a  coherer  under  increasing  excitation,  by  considering 
that,  when  this  action  takes  place,  a  small  particle  is  lodged  between 
two  larger  ones,  from  which  position  it  is  displaced  —  thus  increas- 
ing the  resistance  —  when  the  potential  difference  between  the  larger 
particles  is  increased. 

This  was  found  experimentally  to  be  so.  Such  negative  action 
takes  place  with  powdered  lead  dioxide  and  some  of  the  soft  metals. 
With  feeble  waves  there  is  coherence,  but  with  powerful  waves  there 
is  a  relapse  to  the  state  of  high  resistance.  A  former  explanation 
of  this  was  that  the  feeble  waves  produce  bridges  which  are  broken 
down  by  the  powerful  waves. 

Asymmetry  has  been  shown  by  Shaw  and  Garret  ^  to  exist  for  a 
coherer  of  two  copper  wires.  It  was  suggested  by  the  authors,  that, 
as  the  current  density  at  the  points  of  contact  is  enormous,  an 
orientation  of  the  particles  forming  the  bridge  takes  place,  **  the 
particles  being  turned  in  such  a  way  that  they  give  maximum 
conduction." 

Attempt  at   Explanation  of  the   Conductivity  of  Powders. 

From  a  consideration  of  what  has  been  found  for  coherers,  an 
attempt  may  now  be  made  to  explain  the  conductivity  of  powders 
and  of  such  solids  as  were  examined.  The  fall,  or  rise,  of  con- 
ductivity with  time  had  best  be  considered  in  detail  along  with 
asymmetry. 

It  seems  improbable  that  the  change  of  conductivity  with  time  is 
due  to  a  decohering  action  such  as  breaking  of  the  chains  of  particles 
by  heating  produced  at  the  junctions.  Cooling  a  coherer  produces 
no  change,  warming  produces  expansion  and  fracture  of  the  junc- 
tions, hence  decoherence.  An  experiment  was  performed  to  test 
this  point  with  calcium  sulphide.  After  a  steady  state  of  conduc- 
tivity had  been  reached,  the  bridge  was  cooled  to  the  temperature  of 
ice.  No  change  took  place.  •  After  the  ice  was  removed  the  con- 
ductivity rose  during  the  warming.     This  suggests  a  like  action  in 

*  Shaw  and  Garret,  loc,  cit.^  p.  413. 
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the  two  cases  as  a  jarring  produces  a  decrease  of  conductivity  with 
the  coherer,  and  an  increase  with  calcium  sulphide.  Hence  the 
time-conductivity  effects  would  not  seem  to  be  due  to  a  rearrange- 
ment of  particles. 

Irregularities  might  be  expected  with  powders,  as  with  the 
coherer,  "  negative  action,"  for  example.  The  occasionally  capri- 
cious action  as  regards  the  time-conductivity  effect  in  powders  ought 
not,  then,  to  appear  remarkable. 

Because  the  deviation  from  Ohm's  law  is  always  in  the  same 
direction,  it  must  be  due  to  some  condition  which  holds  for  all 
powders.  It  may  be  explained  most  easily  by  supposing  that,  as  the 
E.M.F.  increases,  particles  that  were  loose  now  take  part  in  the  con- 
duction either  by  movemenb,  or  by  forming  temporary  chains  of 
particles.     The  phenomenon  may,  however,  not  be  so  simple. 

Since  the  study  of  a  coherer  shows  that  a  surface  film  is  neces- 
sary, it  seems  safe  to  assume  that,  with  all  substances  which  show 
change  of  conductivity  with  time  or  deviation  from  Ohm's  law,  a 
surface  film  is  also  necessary. 

The  spontaneous  rise  is  difficult  to  understand  unless  it  has  to  do 
with  ionization  on  fresh  surfaces  that  may  be  acted  upon  by  the  air, 
as  suggested  by  the  following  consideration  of  asymmetry. 

Asymmetry. 

The  phenomena  connected  with  the  asymmetric  conduction  of 
powders  are  very  complex,  and  it  is  difficult  to  give  any  satis- 
factory explanation  of  them.  Yet  it  is  desirable  to  make  some 
attempt  at  an  explanation,  however  crude  it  may  be.  A  theory 
which  has  been  suggested  to  the  writer  by  some  of  the  views  already 
advanced,  has  helped  him  to  form  some  idea  of  what  may  take 
place  in  a  powder  that  conducts  asymmetrically.  This  theory  may 
not  be  correct,  and,  even  if  it  is  found  to  be  so,  it  will  probably 
have  to  be  modified  greatly. 

Asymmetric  conduction  for  powders  and  the  coherer  may  be 
explained  by  considering  conduction  to  take  place  by  means  of  ions 
in  motion.  Suppose  in  Fig.  10,  which  represents  a  contact  between 
particles,  greatly  magnified,  ^  to  be  the  part  of  the  film  between 
the  particles.     This  film  is  necessary  in  order  to  have  coherence 


Digitized  by 


Google 


424  ^'  ^'  GODDARD,  [Vol.  XXVIII. 

phenomena,  as  there  must  be  something  which  separates  the  par- 
ticles, prevents  fusion,  and  hence  causes  currents  of  great  density  at 
the  points  of  contact.  Suppose  B  and  B'  to  be  the  respective  parts 
of  the  two  particles  that  are  most  highly  heated,  C  and  C'  to  be 
regions  where  the  heating  is  less  intense. 

It  will  be  necessary  to  make  certain  assumptions. 


Fig.  :o. 

{a)  Owing  to  the  high  temperatures  at  contacts  between  particles, 
due  to  great  current  density,  there  should  be  marked  changes  of  the 
resistance  to  motion  of  electrons,  or  negative  ions,  which  move 
across  the  contact.  Hence  assume  the  resistance  to  motion  of  the 
ions  in  the  more  heated  regions,  B  and  B\  to  be  greater  or  less 
than  in  C  and  C ,  depending  on  the  material  of  the  particles. 

{b)  Also  assume  that  the  film  A,  though  it  may  have  considerable 
resistance,  has  small  resistance,  as  a  rule,  compared  with  B  and  B' . 

This  will  help  to  explain  asymmetrical  conduction  in  which  the 
conductivity  in  the  direction  of  the  current  decreases  with  time, 
while  that  in  the  opposite  direction  steadily  increases.  If  the  hotter 
parts  B,  B'  impede  the  negative  ions  more,  then,  if  the  current 
flows  from  D  to  D',  the  ions  produced  in  C  will  move  slower  as 
they  approach  B,  Thus  there  will  first  be  considerable  movement 
of  the  ions  until  there  is  a  kind  of  opposing  assemblage  in  B.  Ions 
will  still  pass  through  and  beyond  B^  but  at  B'  they  will  be  neutra- 
lized by  positive  charges  there,  as  B  and  B'  are  charged  oppositely, 
and  will  not  pass  to  any  extent  into  B'  and  C, 

If  now  the  current  be  reversed,  the  ions  will  move  back  at  a 
higlier  rate,  since  they  are  all  now  moving  in  the  direction  of  de- 
creasing resistance,  and  this  increased  rate  means  a  high  initial  cur- 
rent. Such  a  state  of  asymmetry  is  found  with  calcium  sulphide 
and  solid  silver  iodide. 
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On  the  other  hand,  if  the  regions  -S,  B' ^  and  A  offer  less  resist- 
ance to  the  motion  than  C  and  C ^  which  are  cooler,  then,  when  a 
current  is  sent  from  Z?  to  Z?',  ions  from  C  will  cross  B  to  B',  where 
they  will  be  neutralized  as  before.  In  this  case  they  pass  through 
a  region  in  which  they  move  constantly  faster,  i,  e.,  the  current  in- 
creases. A  steady  state  is  reached  when  the  velocity  at  any  point 
in  the  course  remains  the  same. 

If  the  current  be  now  reversed,  the  condition  will  differ  from  that 
which  initially  held,  in  that  the  ions  in  B  will  all  be  moving  in  the 
direction  of  increasing  resistance,  and  hence  the  current,  depending 
on  the  rate  of  motion,  will  be  small.  It  will  increase,  however,  if 
time  is  given  for  the  ions  in  C  to  pass  into  B\  This  is  the  case 
of  molybdenite. 

It  is  to  be  observed  that  this  explanation  of  asymmetry  takes 
care  of  the  question  of  the  change  of  conductivity  with  time. 

Since,  when  the  powder  is  in  a  vacuum  the  asymmetry  is  still 
preserved  nearly  unchanged,  the  vacuum  must  modify  the  film  A^ 
which  is,  perhaps,  a  kind  of  arc,  possibly  removing  ions,  and^ — to 
account  for  the  slow  rise  of  conductivity  (see  curve)  —  making  sub- 
sequent passage  of  ions  in  A  difficult,  after  this  removaL 

This  theory  of  asymmetry  receives  support  from  certain  experi- 
mental facts.  It  has  been  shown  by  Streintz'  that  solid  silver  sul- 
phide when  raised  from  —  200°  to  220^  falls  in  resistance  from  a 
very  high  value  to  o.i  ohm.  At  the  higher  temperature  a  current 
of  I  or  2  amperes  can  be  sent  through  a  specimen  for  several  hours 
without  evidence  of  decomposition.  There  develops  with  time, 
however,  an  increasing  resistance  to  the  flow  of  the  current,  with- 
out any  signs  of  electrolytic  polarization  befn^  manifest  This  may 
be  due  to  a  gathering  of  the  ions  in  the  poorly  conducting  sub* 
stance,  which  opposes  the  current  even  though  no  polarization  ex- 
ists. The  fact  that  the  rate  of  decrease  of  resistance  with  tempera- 
ture for  mercury  and  lead  sulphides  is  about  one  fourth  that  for 
silver  sulphide  suggests  that  the  positive  atom  has  something  to  do 
with  the  opposition  to  motion. 

In  the  aluminium-tellurium  rectifier  already  mentioned  ^  it  was 

^Strcintz,  loc,  cit^  p.  407. 
'Austin,  ioc,  a'/.f  p.  412. 
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observed  that,  when  increasing  alternating  voltages  are  applied,  the 
rectified  current  is  first  in  the  direction  of  the  thermoelectric  current 
due  simply  to  heating  the  contact ;  then,  with  increasing  voltage, 
the  current  becomes  reversed.  The  contact  here  is  not  extremely 
small,  and  the  results  suggest  that  a  certain  amount  of  heating  is 
necessary  before  the  asymmetric  condition  becomes  established. 

It  has  been  shown,*  that,  with  a  ball-coherer,  the  potential  differ- 
ence across  the  coherer  does  not  depend  upon  the  pressure  between 
the  balls  of  which  the  coherer  is  made  (within  certain  limits).  In 
this  case,  the  region  A^  Fig.  lo,  must  be  varied,  and  hence,  as  was 
assumed,  the  resistance  must  be  smaller  than  that  of  B  ox  B' . 

There  are,  however,  certain  weak  places  in  the  theory.  When 
the  circuit  is  broken,  the  heated  contacts  should  cool  very  rapidly, 
and  the  resistance  should  return  promptly  to  its  initial  value.  To 
account  for  the  facts,  it  must  be  assumed,  then,  that  the  ions  can 
diffuse,  more  and  more  slowly,  in  the  solid  substance  of  the  cold 
particles,  as  the  asymmetric  condition  changes  for  some  time  after 
opening  the  circuit  —  thereafter  remaining  constant  for  hours. 
The  diffusion  would,  of  course,  be  in  such  a  direction  as  to  equalize 
the  distribution  of  the  ions. 

It  is  difficult  to  account  for  the  recoherence  of  two  copper  wires, 
unless  there  is  initially  a  semi-solid  film  on  the  surface  of  the  copper, 
and  ions  become  more  or  less  permanently  entrapped  in  this  film  — 
which,  in  part,  constitutes  B  and  i?'  in  the  figure  —  and  only  slowly 
diffuse  therefrom. 

Guthe  and  Trowbridge  *  in  explaining  the  critical  voltage  of  the 
ball-coherer  considered  that,  as  the  current  is  increased,  the  area  of 
contact  remains  constant  until  the  current  rises  to  such  a  value  that 
a  certain  maximum  number  of  ions  cross  the  area.  If  the  current 
be  increased  beyond  this  value,  the  effective  area  is  increased  by 
ions  filling  up  the  space  exterior  to  the  original  area.  The  theory 
of  asymmetry,  then,  explains  critical  voltage  of  the  ball-coherer  if 
it  is  considered  that  the  region  A  spreads  out  on  sufficient  increase 
of  current. 

With  balls  of  different  metals,  the  critical  voltage  is  independent 
of  the  direction  of  the  current,  but  may  be  less  or  greater  than  the 

'  Guthe  and  Trowbridge,  loc,  cit. ,  p.  421. 
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critical  voltage  of  either.  This  is  difficult  to  explain  unless  it  is 
supposed  that  the  atoms  of  the  two  metals  cross  the  film  and  com- 
bine,  during  the  transit,  to  form  a  single  ion. 

Summary. 

{d)  In  general,  when  an  E.M.F.  was  applied  to  a  powder,  or  to 
the  solids  Agl,  BaS,  and  molybdenite,  the  conductivity  fell,  rapidly 
at  first,  finally  approaching  a  limiting  value.  If,  after  the  exposure 
to  the  E.M.F.,  the  circuit  were  broken,  the  conductivity  tended  to 
regain  its  original  value,  rapidly  at  first,  then  more  and  more  slowly. 

In  some  cases,  e,  g,^  with  molybdenite,  the  conductivity  rose  on 
application  of  the  E.M.F.  In  other,  still  fewer,  cases,  e.  g.,  with 
BaF,  the  conductivity  remained  con$tant. 

These  changes  were  occasionally  (but  rarely)  reversed  in  an  un- 
accountable way. 

With  powdered  BaS,  the  conductivity  rose,  apparently  spon- 
taneously after  the  substance  was  powdered. 

{b)  While  the  changes  under  {a)  were  taking  place,  the  conduc- 
tivity was  found  to  be  changing  in  the  direction  opposite  to  that  in 
which  the  current  originally  flowed,  the  rates  of  change  of  con- 
.  ductivity  in  the  two  directions  being,  in  general,  opposite  at  any 
time ;  but  only  in  the  case  of  solid  Agl  were  they  of  the  same 
magnitude.  Solid  molybdenite  alone  gave  a  large  permanent  dif- 
ference of  conductivity. 

(c)  With  all  the  substances  examined,  except  powderd  zinc  per- 
borate, the  current  did  not  increase  in  proportion  to  the  E.M.F. ; 
i,  e.,  Ohm's  law  was  not  obeyed.  The  E-I  curve  was  always  con- 
cave toward  the  /-axis,  becoming  linear  in  some  cases,  for  the 
higher  E.M.F.'s.  This  latter  type  of  curve  has  already  been  found 
to  hold  for  the  coherer. 

The  deviation  from  Ohm's  law  was  present  in  all  circumstances 
except  under  the  application  of  great  pressure. 

(rf)  The  effect  of  a  vacuum  was  much  the  same  for  all  substances 
examined.  When  the  vacuum  was  produced,  the  conductivity  fell 
considerably ;  rapidly  at  first,  and  then  slowly.  This  fall  took 
place  with  or  without  the  current  flowing,  and  whether  the  E.M.F. 
had  been  applied  for  a  long  or  a  short  time,  preceding  the  vacuum. 
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After  the  admission  of  air,  the  conductivity  rose,  in  general,  slowly 
and  at  a  constant  rate. 

{e)  All  these  effects  were  independent  of  the  particular  metal 
between  which  the  substances  were  placed.  Stirring  or  jarring  a 
powder  brought  it  more  or  less  closely  to  the  condition  that  held 
before  the  E.M.F.  had  been  applied. 

Finally  a  theory  depending  on  slow  diffusion  of  ions  in  heated 

contacts  between  particles  is  offered  in  explanation  of  the  above 

facts. 

Worcester  Polytechnic  Institute, 
Worcester,  Mass., 
March  15,  1909. 
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THE   EFFECT  OF  TORSION   ON  THERMAL  AND 
ELECTRICAL   CONDUCTIVITY. 

By  Newland  F.  Smith. 

VERY  few  measurements  seem  to  have  been  made  to  show  the 
effect  of  torsion  upon  the  conductivity  of  metals.  In  1899 
C.  de  Szily  ^  investigated  the  variation  in  the  electrical  resistance  of 
a  constantin  wire  350  cm.  in  length  when  twisted  through  angles 
varying  from  o  to  50  tz.  He  showed  that  the  resistance  was  in- 
creased by  torsion,  the  increase  being  more  rapid  than  the  angle  of 
twist.  The  maximum  increase  in  resistance  amounted  to  about  4 
parts  in  io,cx)0.  No  statement  is  made  regarding  the  diameter  ot 
the  wire.  So  far  as  the  writer  knows,  no  results  have  been  pub- 
lished bearing  upon  the  corresponding  thermal  problem. 

In  a  recent  paper*  the  writer  has  described  a  series  of  experi- 
ments to  determine  the  changes  produced  by  tension  in  the  thermal 
and  electrical  conductivities  of  metal  bars.  The  present  paper 
deals  with  the  corresponding  effects  produced  by  subjecting  the 
bars  to  a  twisting  couple.  The  experimental  method  was  in  all  re- 
spects the  same  as  in  the  previous  investigation  and  need  not  again 
be  described  in  detail.  The  apparatus  of  the  previous  experiments 
required  only  slight  modification  to  adapt  it  to  its  present  purpose. 
The  lever,  by  which  tension  was  applied,  was  removed,  and  in  its 
place  was  mounted  a  cast  iron  pulley  12  inches  in  diameter  carry- 
ing a  divided  circle  by  means  of  which  to  measure  the  angle  of 
twist.  This  pulley  at  its  center  engaged  the  friction  clutch  attached 
to  the  outer  end  of  the  bar  to  be  twisted,  while  the  clutch  at  the 
other  end  of  the  bar  was  kept  from  turning  by  clamping  between 
suitable  iron  plates.  Weights  attached  to  flexible  wires  wrapped 
around  the  pulley  produced  the  twisting  couple. 

Proceeding  as  in  the  earlier  experiments,  the  rod  to  be  twisted 

>  C.  de  Szily,  C.  R.,  128,  p.  927,  1899. 
«Phys.  Rev.,  Vol.  XXVIII.,  No.  2,  p.  107. 
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and  another  rod  of  the  same  size  and  material  were  mounted  side 
by.  side  having  one  end  of  each  clamped  between  heavy  pieces  of 
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Fig.  1.    Steel  Bar,  -^i,. 
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copper  which  were  maintained  at  a  constant  high  temperature.    By 
means  of  thermoelectric  couples  two  points  of  equal  temperature 
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Fig.  2.    Iron  Bar,  -5„. 
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were  located  on  the  two  bars  about  50  cm.  from  the  copper  clamp. 
The  one  bar  was  then  twisted  while  the  condition  of  the  other  re- 
mained unchanged.  When  the  steady  state  was  again  reached  a 
new  point  was  found  on  the  twisted  bar  whose  temperature  was  the 
same  as  that  of  the  point  previously  located  on  the  other  bar. 


^ 


^ 


/eo 


60  so  /OO 

Fig.  4.     Brass  Bar.  -5„. 

Proceeding  in  this  way  each  bar  tested  was  several  times  twisted 
up  to  or  beyond  the  elastic  limit  and  the  torque  then  diminished 
step  by  step  back  to  zero.  The  position  of  the  thermoelectric 
couple  on  the  twisted  bar  was  determined  by  a  cathetometer 
mounted  horizontally,  parallel  to  the  bar.  Its  position  was  read  in 
each  case  with  reference  to  a  fixed  scratch  on  the  bar,  thus'  avoid- 
ing any  error  due  to  a  change  in  the  relative  position  of  bar  and 
cathetometer. 

Provision  was  made  for  comparing  at  each  step  the  electrical 
resistance  of  a  definite  portion  of  the  twisted  bar  with  that  of  a 
similar  portion  of  the  other  bar.  The  conditions  were,  of  course, 
extremely  unfavorable  for  an  accurate  comparison  of  electrical  re- 
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sistances.  The  total  resistance  of  the  bars  compared  was  only  a 
few  ten-thousandths  of  an  ohm  and  the  fact  that  the  two  ends  of  the 
bars  were  at  widely  different  temperatures  added  another  difficulty 
to  the  problem.  Nevertheless,  it  seemed  desirable  to  measure  as 
accurately  as  possible  the  changes  in  electrical  conductivity  which 
might  be  expected  to  accompany  any  changes  in  thermal  conduc- 
tivity due  to  torsion.  The  method  employed  was  the  same  as  that 
used  in  the  previous  experiments. 

All  the  bars  used  were  round,  five  sixteenths  of  an  inch  in  diam- 
eter and  4^  feet  long. 

Results. 

Observations  were  made  on  two  bars  of  soft  steel,  two  of  iron, 
two  of  copper  and  one  of  brass.  The  observations  on  each  bar 
were  repeated  four  or  more  times  on  different  days.  In  each  case 
the  results  obtained  from  observations  on  different  bars  of  the  same 
material  were  substantially  the  same.  Hence  the  results  for  only 
one  bar  of  each  material  used  are  recorded  in  the  following  tables. 
The  largest  variation  in  electrical  resistance  was  found  in  the  bars 
of  soft  steel.  In  all  the  other  materials  employed  this  change  was 
less  than  one  part  in  two  thousand  and  was  less  than  the  experi- 
mental error.  Hence  no  figures  are  recorded  for  the  change  in  the 
electrical  conductivity  of  iron,  copper  and  brass.  In  the  tables  T  is 
used  to  designate  the  torque;  Q,  the  angle  of  twist ;  /,  the  distance 
from  the  copper  clutch  to  the  thermo-electric  couple  on  the  twisted 
bar ;  i?,  the  resistance  on  the  standard  resistance  box  (proportional 
to  that  of  the  twisted  bar) ;  k,  the  ratio  of  the  thermal  conductivity 
of  the  bar  to  its  conductivity  before  being  twisted  (proportional  to 
/^);  jr,  the  corresponding  ratio  of  electrical  conductivities.  To 
express  the  torque  in  gram-centimeter  units,  the  numbers  recorded 
under  T  must  be  multiplied  by  7,670. 

The  variations  in  the  thermal  conductivity  of  the  four  bars  are 
shown  in  the  accompanying  curves. 
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Table  I. 

Sieel  Bar,  B^. 
Nov.  22.    Tern.  214». 


r+7670 


0 
32 
64 
82 

0 


0° 
42 
87 
107 

2 


48.24  cm. 

48.16 

47.82 

47.33 

47.60 


Resistance 

not 
measured. 


K 


1.0000 
.9970 
.9828 
.9626 
.9738 


Dec.  11.    Tern.  214<>. 


0 
32 
64 

0 


2 
42 
88 

3 


47.69 
47.40 
46.97 
47.47 


Resistance 

not 
measured. 


.9772 
.9656 
.9480 
.9682 


Dec.  16. 

Tern.  214<>. 

0 

2 

47.86 

2104.3 

.9841 

1.0000 

32 

41 

47.58 

2106.1 

.9729 

.9992 

64 

86 

47.44 

2106.9 

.9673 

.9988 

82 

111 

47.15 

2108.0 

.9553 

.9982 

40 

76 

47.41 

2106.0 

.9661 

.9992 

0 

4 

47.72 

2105.8 

.9785 

.9993 

Dec.  17.     Tern.  214°. 


0 
32 
64 
82 
40 


3 

40 

89 

116 

83 


47.80 
47.32 
47.14 
47.07 
47.28 


Resistance 

not 
measured. 


.9819 
.9622 
.9549 
.9519 
.9605 


Jan.  7.     Tern.  213°. 


0 

6 

47.94 

2104.9 

.9875 

.9997 

32 

43 

47.44 

2105.2 

.9673 

.9996 

64 

90 

47.03 

2105.0 

.9501 

.9997 

82 

116 

46.74 

2106.8 

.9390 

.9988 

0 

6 

47.30 

2104.2 

.9613 

1.0000 

Jan.  9.     Tem.213°. 


0 

5 

48.07 

2104.4 

.9927 

1.0000 

32 

43 

47.47 

2105.0 

.9686 

.9997 

64 

90 

47.31 

2106.0 

.9618 

.9992 

82 

116 

46.94 

2106.8 

.9472 

.9988 

42 

85 

47.21 

2104.6 

.9579 

.9999 

0 

6 

47.73 

2104.6 

.9789   1 

.9999 
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0 
64 
90 


6 

90 

136 


47.82 
47.29 
46.89 


2105.7 
2106.8 


.9828 
.9609 
.9450 


.9993 
.9988 


Table  II. 

Iron  Bar^  B^. 
March  24.     Tem.  217<». 


T^y&ro 

• 

/ 

/r 

0 

Qo 

49.48  cm. 

1.0000 

16 

24 

49.36 

.9951 

29 

58 

49.21 

.9890 

16 

45 

49.41 

.9971 

March  25.     Tern.  217«. 

0 

25 

49.70 

1.0090 

16 

45 

49.38 

.9959 

29 

83 

49.08 

.9841 

0 

50 

49.25 

.9910 

March  26.     Tem.  215<'. 

0 

49 

49.69 

1.0086 

16 

70 

49.38 

.9959 

29 

89 

49.13 

.9861 

16 

78 

49.20 

.9890 

0 

55 

49.54 

1.0025 

March  27.     Tern.  214». 

0 

55 

49.80 

1.0131 

16 

77 

49.59 

1.0045 

29 

95 

49.19 

.9882 

16 

82 

49.46 

.9992 

0 

60 

49.62 

1.0055 

Table  III. 

Co^er  Bar,  B^^, 
March  4.    Tem.  194°. 


r+7«70 

• 

/ 

K 

0 

O** 

52.76  cm. 

LOOOO 

12 

29 

52.62 

.9950 

24 

134 

52.11 

.9756 

12 

112 

52.22 

.9799 

0 

72 

52.38 

.9856 
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March  S.    Tem.  194'>. 

0 

72 

52.31 

.9831 

12 

107 

52.16 

.9774 

22 

194 

51.78 

.9633 

12 

178 

5L88 

.9669 

0 

142 

51.90 

.9680 

March  10.     Tern.  194°. 

0 

141 

51.99 

.9713 

12 

169 

51.92 

.9687 

24 

245 

51.58 

.9558 

12 

227 

51.79 

.9637 

0 

190 

51.83 

.9651 

March  II.     Tem.  194°. 


0 

189 

51.92 

.9687 

12 

217 

51.79 

.9637 

24 

1           257 

51.74 

.9619 

Table  IV. 

Brau  Bar^  ^„. 
Feb.  22.     Tem.  204*». 


r+7«7o 

• 

/ 

K 

0 

Oo 

48.90  cm. 

1.0000 

16 

47 

48.49 

.9874 

32 

118 

47.88 

.9626 

16 

107 

47.88 

.9626 

0 

25 

48.32 

.9807 

Feb. 

24.     Tern.  204^ 

0 

25 

48.61 

.9924 

16 

63 

48.15 

.9740 

32 

119 

47.88 

.9626 

16 

90 

47.99 

.9672 

0 

29 

48.41 

.9844 

Feb. 

25.     Tem.  204'*. 

0 

29 

48.53 

.9891 

16 

70 

48.15 

.9740 

32 

129 

47.83 

.9609 

16 

104 

47.91 

.9639 

0 

32 

48.18 

.9748 

Feb. 

28.     Tem.  204<». 

0 

32 

48.48 

.9874 

16 

76 

48.06 

.9698 

32 

126 

47.88 

.9626 

16 

106 

48.04 

.9694 

0 

37 

48.42 

.9849 
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Conclusions. 

It  will  be  observed  that  in  all  cases  the  thermal  conductivity  is 
diminished  by  torsion ;  that  the  recovery  is  not  complete  when  the 
torque  is  removed,  even  though  no  permanent  twist  has  been  pro- 
duced ;  that  the  thermal  conductivity  tends  to  regain  its  original 
value  after  a  period  of  rest ;  that  the  change  is  greatest  in  the  case 
of  steel  where  the  torque  applied  is  the  greatest  and  where  also  the 
change  in  electrical  conductivity  is  most  marked.  The  maximum 
change  produced  at  any  one  time  in  the  thermal  conductivity  of 
steel  is  from  3  to  5  per  cent.  The  corresponding  change  in  its  elec- 
trical conductivity  is  from  .  i  to  .2  per  cent.  The  maximum  changes 
produced  in  the  thermal  conductivity  of  iron,  copper  and  brass  are 
from  I  to  3  per  cent,  while  the  corresponding  changes  in  their  elec- 
trical conductivity  are  less  than  one  twentieth  of  one  per  cent. 

It  seems  probable  that  a  linear  relation  exists  between  the  thermal 
conductivity  and  the  angle  of  twist.  This  is  brought  out  most 
clearly  in  the  curves  for  copper  where  the  experimental  points  fall 
almost  exactly  on  parallel  straight  lines.  A  similar  relation  is  rather 
closely  approximated  in  most  of  the  curves  for  the  other  metals. 
As  the  strain  in  a  bar  approached  the  elastic  limit,  the  twist  ceased 
to  be  uniformly  distributed  but  took  place  largely  at  one  point  while 
the  torsion  in  the  rest  of  the  bar  may  have  actually  diminished.  An 
attempt  was  always  made  to  increase  the  torsion  just  as  long  as  the 
twist  was  uniformly  distributed  through  the  bar.  It  was  not  always 
possible  to  tell  when  this  limiting  condition  was  reached.  The 
apparent  variation  in  the  thermal  conductivity  of  the  same  bar  under 
the  same  conditions  of  strain  on  different  days  is  probably  due  in 
part  to  a  change  in  the  radiating  power  of  its  surface. 

In  all  of  these  experiments  the  torque  acted  in  the  same  direction. 
It  would  be  a  matter  of  interest  to  observe  the  effect  of  twisting  a 
bar  first  in  one  direction  and  then  in  the  other.  From  these  experi- 
ments and  those  of  the  preceding  paper  it  is  apparent  that  any  theory 
which  fully  explains  the  processes  of  thermal  and  electrical  metallic 
conduction  must  account  for  a  series  of  changes  in  thermal  con- 
ductivity due  to  mechanical  strains  whose  magnitude  is  far  greater 
than  that  of  the  corresponding  changes  in  electrical  conductivity. 
Olivet  College,  April,  1909. 
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THE  DISTRIBUTION  OF  ENERGY  IN  THE  SPECTRUM 
OF  THE  TUNGSTEN  FILAMENT. 

By  R.  E.  Nyswander. 

THE  increased  luminous  efficiency  of  metallic  filament  lamps 
over  the  carbon  incandescent  lamp,  has  led  to  the  investiga- 
tion of  the  source  of  this  increased  energy,  whether  it  is  due  in  part 
to  greater  selective  radiations  in  the  visible  spectrum  or  to  the  in- 
creased temperature  at  which  it  is  normally  burned.  In  fact,  either 
of  these  causes  alone  would  be  sufficient  to  account  for  the  increased 
efficiency,  or  it  might  be  contributed  to  the  combined  effects  of 
both.  All  radiating  bodies  at  high  temperatures  follow  approxi- 
mately, the  general  laws  of  radiation,  and  since  radiant  energy  in 
the  visible  spectrum  is  small,  it  would  not  be  expected  to  find  sub- 
stances of  unusually  large  emissivity  in  this  region. 

A  theoretical  consideration  of  black  body  radiations  shows  that 
the  radiant  efficiency  varies  with  the  temperature  of  the  radiator, 
and  from  experimental  investigations,  this  is  in  general  true  for  all 
sources  of  radiation.  Grau  *  found  for  the  luminosity  curves  of 
carbon  and  tungsten,  that  with  increasing  temperatures  the  curves 
approach  each  other  and  probably  intersect  between  i8cxD*^  and 
1850°  C.  With  lower  temperatures  the  watts  per  candle-power 
are  somewhat  less  for  the  metallic  filament  lamps  than  for  the  car- 
bon filament  lamps.  For  temperatures  above  this  point  of  inter- 
section the  efficiency  of  the  carbon  filament  lamp  would  even  be 
higher  than  the  tungsten  lamps.  It  was  concluded  that  the  higher 
economy  of  the  tungsten  lamps  is  due  to  the  higher  temperature 
of  its  filament.  The  normal  burning  temperature  of  the  tungsten 
lamp  is  about  1850*^  C.  while  for  the  carbon  lamp  it  is  about  1660*^ 
C.  At  these  temperatures  the  tungsten  filament  is  three  times  as 
bright  as  a  carbon  filament,  so  that  the  increased  efficiency  was 
readily  accounted  for.     Waidner  and  Burgess^  concluded  that  a 

lElek.  und  Masch.,  25,  295,  1907. 
« Electrical  World,  48,  9^7.  I9<^. 
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considerable  part  of  the  gain  in  efficiency  in  the  metal  filament 
over  the  carbon  filament  is  due  to  the  higher  working  temperature 
at  which  it  may  be  operated. 

In  the  present  investigation  the  distribution  of  energy  in  the 
spectrum  of  the  tungsten  filament,  for  various  temperatures,  was 
determined  by  means  of  a  reflecting  spectrometer,  and  radiometer. 


u 


Fig.  1. 


The  spectrometer  and  radiometer  have  been  described  by  the 
author*  in  a  previous  paper.  The  arrangement  of  apparatus  is 
shown  in  Fig.  i.  A  fluorite  prism  of  clear  quality  and  free  from 
flaws  was  at  hand.  Its  refracting  angle  measured  38°  59'  2g"  and 
its  faces  were  2.5  x  3  cm. 

The  lamp  L  was  one  of  the  early  commercial  types,  but  furnished 
with  a  side  tube  with  a  ground  face  upon  which  was  sealed  a  fluo- 
rite window,  and  with  an  exhaustion  tube.  Since  the  prism  table 
of  the  spectrometer  was  not  provided  with  a  graduated  circle  it  was 
necessary  to  use  the  method  of  constant  angle  of  emergence.  The 
lamp  was  rigidly  attached  to  the  collimating  arm  of  the  spectrom- 

*Phys.  Rev.,  28,  293,  1909. 
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eter,  and  adjusted  so  that  the  filament  was  parallel  to  the  slit,  and 
in  line  with  the  center  of  the  concave  mirror  B,  The  same  filament 
was  used  throughout  the  work,  and  all  radiations  except  those  from 
this  single  filament  were  screened. 

The  dispersion  curve  of  the  fluorite  prism  was  computed  from  the 
values  of  the  indices  of  refraction  given  by  Paschen.^  The  angle  of 
emergence  was  the  angle  of  minimum  deviation  of  the  sodium  lines. 
The  prism  was  accurately  adjusted  for  minimum  deviation  by  use  of 
the  telescope  T'  which  was  placed  in  line  with  the  deviated  rays 
from  the  prism. 

The  spectrometer  and  radiometer  were  completely  covered  by 
screens  to  protect  them  from  external  radiations. 

No  shutter  was  used,  but  deflections  were  produced  by  turning 
on  the  light,  with  a  switch  at  the  side  of  the  observer,  just  long 
enough  to  produce  a  deflection  of  the  vanes.  The  zero  was 
determined  by  taking  the  mean  of  the  scale  readings  before  and 
after  the  exposure.  The  scale  T  was  placed  120  cm.  from  the 
radiometer  R,  The  sensibility  of  the  radiometer,  as  previously  de- 
fined by  the  author,*  was  12.5.     Deflections  were  read  to  .01  cm. 

No  trouble  from  air  leaks  was  experienced,  so  that  a  complete 
radiation  curve  could  be  obtained  under  constant  conditions. 

The  current  source  was  supplied  by  a  i  lo-volt  dirrect-current 
circuit  of  excellent  voltage  regulation,  yet,  to  insure  greater  uni- 
formity, a  storage  battery  was  connected  in  multiple  with  the 
dynamo  circuit  through  a  tin  resistance.  The  lamp  current  was 
taken  from  points  on  the  tin  resistance  between  the  terminals  of 

the  storage  battery. 

Results. 

The  series  of  curves  in  Fig.  2  were  obtained  for  values  of  l^^^  as 
follows:  I,  2.3;/;  2,  1.9  it/;  3,  1.7//;  4,  161;/;  5,  1.52;/;  6,  i.47S/^; 
7,  1.425;/;  with  corresponding  black-body  absolute  temperatures 
of  1278°,  1547°,  1729°,  1826*^,  1934°,  1994*^,  2063°,  respectively. 
All  curves  have  been  corrected  for  width  of  slit  by  the  following 
equation  of  Paschen.' 

(I)  af{x)  =  F,,,  -  \F,,^,  +  -^^F^,^,  -  +  .... 

1  Ann.  der  Phys.,  56,  765,  1895. 

«  Loc.  at, 

•  Ann.  der  Phys.,  60,  712,  1897. 
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The  width  of  both  the  spectrometer  and  radiometer  slits  was  .3 
mm.  equivalent  to  3'  of  arc  on  the  spectrometer  circle.  This  width 
{s-s.  Fig.  2)  Was  sufficiently  small  that  it  was  not  necessary  to  carry 


the  correction  further  than  the  second  term  of  equation  (i),  even  in 
the  most  intense  part  of  the  spectrum.     Beyond  1.8  ;/  the  correction 
was  so  small  that  the  first  term  only  was  used. 
Assuming  Wien's  law 


c^lr^e  ^^ 


to  hold  for  all  values  of  the  radiating  constant,  we  may  by  the 
method  of  Paschen  ^  determine  an  approximate  mean  value  of  a  for 

*  Ann.  der  Phys.,  58,  487;  60,  664,  1897. 
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any  emission  curve,  independent  of  the  temperature  of  the  radiator. 
For  the  tungsten  filament  a  value  of  the  radiation  constant  a  =  6.53 
was  obtained  from  curve  6,  using  the  mean  of  six  independent  deter- 
minations. With  this  value  of  a  a  normal  radiation  curve  for  tungsten 
was  constructed  from  Wien's  law,  and  likewise  a  black-body  curve 
was  computed,  and  the  three,  all  of  which  have  equal  values  of 


^mAx  *^^^  ^m»ji  \i'^v^  been  plotted  together  for  comparison  in  Fig.  3. 
The  deviations  of  the  actual  tungsten  curve  from  the  normal  radiator 
a,  will  indicate  the  radiation  peculiarities  of  the  tungsten  filament. 
This  deviation  is  prominent  in  the  visible  spectrum  where  the  tung- 
sten curve  shows  strong  selective  radiation.  At  .5;/  the  tungsten 
filament  radiates  less  than  normal,  but  at  i  ;/  it  radiates  like  a  black- 
body  of  the  same  value  of  ^„^.  In  the  regions  1.3/1  and  1.5  ;/  to 
3 II  tungsten  shows  less  than  normal  radiation,  however,  beyond  3  fi 
it  radiates  more  than  curve  a,  and  at  4.6  ;/  and  5 11  the  value  of  a  is 
nearly  equal  to  that  of  a  black  body.  The  characteristics  of  curve 
6  are  present  in  the  curves  of  Fig.  2,  except  those  of  small  intensity. 


Luminous  Efficiency. 
From  Wien's  law  we  may  write  for  a  complete  radiator 


(2) 
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which  can  readily  be  integrated  by  the  method  of  integration  by 
parts,  if  a  simple  substitution  ^  =  —  cJlTh^  made,  and  finally  re- 
duces to 

If  for  c^  its  value  S^mtaT^  substituted  in  (3)  the  resulting  equa- 
tion (4)  becomes  independent  of  temperature. 

When  ^j  =  o  and  ^^  =  00  we  have  a  value  for  the  total  energy  of 
radiation  /=  aT*  which  is  Stefan's  law  in  which  the  constant 
a  =  (>c,lc\. 

Assuming  the  visible  spectrum  to  lie  between  the  limits  ^^  =  .4  ;/ 
and  ^  =  .76  ;/,  the  radiant  efficiency  of  a  black  body  may  be  ex- 
pressed as  follows 

/' 

(5)  "-^  -'^    *^*- 


Rad.  eff.  » 


X'^e-^jrdX 


e      A    dX 


2/00 


Fig.  4. 


In  Fig.  4  is  shown  the  luminous  efficiency  of  a  complete  radiator 
for  varying  values  of  ^^^^  and  corresponding  absolute  temper- 
atures.    The   luminous  efficiencies  of  the   tungsten  curves  5,   6 
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and  7  are  1.5,  1.4  and  2.0  per  cent,  respectively,  while  the  radiant 
efficiencies  of  a  black  body  for  corresponding  values  of  ^„^  are 
approximately  1.03,  1.28,  1.65  per  cent.  The  efficiency  of  curve 
a.  Fig.  3,  is  only  0.85  per  cent  Since  this  curve  and  no.  6  of  the 
tungsten  have  practically  equal  areas,  for  this  value  of  ^^^^  the 
selective  radiation  of  the  tungsten  filament  in  the  visible  spectrum 
is  more  than  1.6  times  normal.  The  radiant  efficiencies  as  given 
or  the  tungsten  filament  have  been  integrated  directly  from  the 
curves,  correcting  only  for  the  bands  at  2.7 //and  4.26/Ji.  These 
bands  agree  in  position  with  the  atmospheric  absorption  bands  of 
COj  gas,  and  a  smooth  curve  was  substituted  across  them  in  meas- 
uring the  areas  with  the  planimeter.  The  curves  were  extrapo- 
lated from  .  5  ;/  to  .4  ;/. 

The  method  of  determining  the  radiant  efficiency  from  the  ratio 
of  the  luminous  area  to  the  total  area  is  subject  to  various  criti- 
cisms, not  only  because  of  errors  in  slit  width  corrections  but  also 
from  selective  absorption  of  the  prism,  and  windows  of  the  lamp  and 
radiometer,  and  from  variation  in  the  reflecting  power  of  the  spec- 
trometer mirrors  for  various  wave-lengths.  The  correction  for  slit 
width  undergoes  very  rapid  changes  in  the  visible  region  of  the 
spectrum  and  possible  errors  may  be  introduced.  In  this  work  no 
correction  was  made  for  absorption  of  the  rock-salt  windows  of  the 
radiometer  or  for  the  absorption  of  the  fluorite  prism  or  the  fluoritc 
window  of  the  lamp.  Nichols  and  Coblentz  *  found  that  rock-salt 
was  much  less  transparent  for  shorter  than  for  longer  wave-lengths. 
MendenhalP  added  a  correction  of  7.8  per  cent  of  the  observed 
efficiency  to  correct  for  the  absorption  of  the  fluorite  window.  The 
reflecting  power  of  the  silver  mirrors  is  also  less  for  short  waves 
than  for  the  longer  wave-lengths.  Paschen  *  has  shown  that  this 
difference  is  greater  after  the  mirror,  through  age,  has  taken  on  a 
brownish  tint.  The  mirrors  of  the  spectrometer  used  by  the  author 
were  several  years  old  and  somewhat  discolored. 

Due  to  the  possible  corrections  which  might  be  applied  the 
recorded  values  of  efficiencies  of  the  tungsten  lamp  are  somewhat 

1  Phys.  Rev.,  17,  270,  1903. 
*  Phys.  Rev.,  20,  162,  1905. 
'  Ann.  der  Phys.,  309,  305,  1901. 
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too  small.     Yet,  these  values  cannot  be  compared  directly  with  the 

earlier  determination  of  luminous  efficiencies,  since  these  earlier 

methods  were  subject  to  large   errors  due  to   incompleteness  of 

absorption  of  the  absorbing  cells.     According  to  Angstrom  ^  these 

earlier  values  of  radiant  efficiencies  are  from  two  to  three  times  too 

high. 

Physical  Laboratory, 
Cornell  University, 
August,  1908. 


Astrophys.  Jour.,  15,  226,  1902. 
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A  SIMPLE    INTERFEROMETER    FOR  SHOWING  THE 
ZEEMAN   EFFECT. 

By  A.  H.  Pfund. 

IN  order  to  show  the  Zeeman  effect  and  the  structure  of  spectral 
lines,  instruments  of  high  resolving  power  are  necessary.  Such 
instruments  (echelon,  grating,  Fabry  and  Perot  interferometer,  etc.) 
are  rather  expensive  and  sometimes  difficult  to  adjust  —  hence  the 
above-mentioned  phenomena  are  not  often  seen  by  students  in 
optics.  Several  years  ago  I  made  an  extremely  simple  and  inex- 
pensive interferometer  of  high  resolving  power  for  lecture-room 
demonstrations.  At  the  time  no  thought  was  given  to  publishing 
an  article  on  the  subject  and  later  it  was  found  that  Lummer^  had 
already  constructed  an  instrument  of  this  type.  However,  at  a  re- 
cent meeting  of  the  Physical  Society,  the  Zeeman  effect  was  shown 
by  means  of  this  instrument  and  since  then  a  considerable  number 
of  letters,  asking  for  information,  has  been  received.  Feeling  that 
there  was  a  real  demand  for  an  interferometer  which  at  the  same 
time  was  efficient,  inexpensive  and  always  in  adjustment,  I  have 
thought  it  worth  while  to  present  a  note  on  the  subject. 

The  instrument  is,  in  reality,  a  simplified  Fabry  and  Perot  inter- 
ferometer. Its  construction  may,  perhaps,  best  be  understood  from 
Fig.  I  in  which  a  is  a  wooden  block  with  a  square  opening  in  the 
center  to  receive  the  optical  system.  The  glass  plate  c  is  optically 
plane-parallel  and  about  3  mm.  thick.^  It  is  silvered  on  both  sides, 
so  as  to  be  still  slightly  transparent,  and  is  protected  by  the  plates 
b^  and  b^  which  are  cemented  on  with  Canada  balsam.  While  these 
two  cover  plates  need  not  be  optically  perfect,  they  ought  to  be 
made  of  good  crystal-plate  glass.  The  efficiency  of  the  instrument 
depends  largely  upon  the  thickness  of  the  silver  films  on  plate  c  — 
and  the  best  thickness  can  be  found  only  by  trial.    A  good  method 

iLummer,  Arch.  N6erl.  (2),  6,  p.  773,  1901. 

<  Such  a  plate  may  be  obtained  from  the  optical  works  of  Mr.  O.  L.  Petitdidier  or 
Mr.  J.  A.  Brashear. 
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of  procedure  is  to  place  the  plate  c  and  two  other  (trial)  plates  in  a 
bowl-shaped  vessel  and  to  silver  all  three  by  means  of  the  Rochelle 
salt  silvering  solution  to  such  a  degree  that  considerably  more  than 
50  per  cent,  of  the  light  is  reflected  from  a  single  surface.  Next 
the  silver  is  removed  from  one  of  the  two  surfaces  of  each  of  the 
trial  plates  and  the  remaining  silvered  surfaces  are  polished  by  a 
process  to^be  described  shortly.     Upon  placing  these  two  reflecting 


Trent  /^«#^ 


'Sec'^/on 


Smm/9, 


Fig.   1. 

surfaces  together  in  such  a  way  as  to  enclose  a  wedge-shaped  film 
of  air,  an  ordinary  gas  flame  is  viewed  through  the  system  and  a 
scries  of  images,  due  to  multiple  reflections,  are  seen.  The  silver 
films  are  of  the  proper  thickness  when  the  number  of  images  is  18 
or  more.  Since  the  plate  c  has  the  same  thickness  of  coating  as 
the  two  trial  plates,  it  is  only  necessary  to  polish  its  two  silver 
films  and  to  attach  the  plates  d^  and  6^.  Upon  mounting  this  sys- 
tem of  plates  in  the  block  a  the  interferometer  is  completed. 

In  order  to  polish  the  films  I  have  found  it  advisable  to  dry 
them  first  for  about  1 5  minutes  in  an  air-bath  heated  to  40*^  or  50** 
C.  The  first  stage  of  polishing  is  carried  out  by  means  of  a  toilet 
"powder-puff"  covered  with  optical  rouge.  The  ivory  handle  of 
the  puff  is  gripped  in  the  chuck  of  a  drill-press  or  lathe  and  the 
arrangement  is  used  as  a  buffing-wheel.  This  procedure  seems  to 
harden  the  film  as  it  is  found  that  further  polishing  may  be  carried 
out  by  means  of  a  piece  of  very  smooth  kid  leather,  covered  with 
rouge.  Given  a  film  of  proper  thickness,  the  process  of  polishing 
increases  the  reflecting  power  to  such  an  extent  that  the  number  of 
multiple  reflections  is  about  doubled. 
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As  a  source  of  light,  the  luminous  vapors  of  mercury,  helium 
and  cadmium  have  been  found  very  serviceable.  A  helium  tube 
(containing  the  gas  under  a  pressure  of  about  2  mm.)  is  very  con- 
venient for  showing  the  Zeeman  effect ;  on  the  other  hand,  mercury 
and  cadmium  lamps  serve  well  in  a  study  of  the  structure  of  spec- 
tral lines.  The  Cooper-Hewitt  lamp  serves  excellently  as  a  source 
of  mercury  lines.  If  such  a  lamp  is  not  available,  it  is  an  easy 
matter  to  construct  one  according  to  the  designs  given  by  Rentsch- 
ler  *  and  the  writer.*  In  order  to  isolate  any  desired  line  by  means 
of  color-screens,  it  is  only  necessary  to  consult  the  "  Atlas  of  Ab- 
sorption Spectra  "  •  in  order  to  find  a  suitable  combination  of  absorb- 
ing substances.  In  order  to  isolate  the  green  mercury  line  {X  = 
5461)  I  have  found  it  convenient  to  use  a  mixture  of  nitrosodi- 
methyl  aniline  (to  cut  out  the  blue  lines)  and  neodymium  nitrate 
(to  cut  out  the  yellow  lines). 


Fie.  2. 

The  arrangement  of  apparatus  for  showing  the'  Zeeman  effect  is 
given  in  Fig.  2  where  H  is  a  helium  tube  placed  between  the  poles 
of  an  electro-magnet  M.  By  means  of  a  lens  Z,  the  light,  after 
passing  through  the  Nicol  prism  N^  is  concentrated  on  the  inter- 
ferometer P  which  is  rigidly  attached  to  a  telescope  or  opera  glass 
T  (focused  on  infinity).  The  magnifying  power  of  the  telescope 
ought  to  be  from  2  to  4  diameters.  To  show  the  effect,  a  strength 
of  field  of  5,000  Gauss  is  ample.  It  is  advisable  to  insert  a  rheostat 
into  the  circuit  exciting  the  magnet  and  to  increase  the  current 
gradually  until  the  effect  is  at  its  best. 

'  Rentschler,  Astrophys.  Jour.,  5,  p.  353,  1908. 
s  Pfund,  Astrophys.  Jour.,  4,  p.  296,  1908. 
'Uhler  and  Wood,  Carnegie  Institution  (1907). 
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Although  the  instrument  possesses  the  obvious  disadvantage  of 
a  fixed  resolving  power,  it  nevertheless  justifies  its  existence  by  be- 
ing efficient,  inexpensive  and  always  in  adjustment. 

Johns  Hopkins  Univfrsity, 
March,  1909. 
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PROCEEDINGS 

OF  THE 

American  Physical  Society. 

Minutes  of  the  Forty-Seventh  Meeting. 

THE  spring  meeting  of  the  Physical  Society  was  held  in  Washington, 
D.  C,  on  Monday,  April  26,  and  Tuesday,  April  27,  1909. 

On  Monday,  April  26,  the  sessions  were  held  at  the  Cosmos  Club. 

The  Tuesday  sessions  were  held  at  the  Bureau  of  Standards. 

Vice-President  W.  F.  Magie  presided. 

On  the  recommendation  of  the  Council  Article  I.  of  the  by-laws  was 
suspended  and  Professor  Max  Planck,  of  Berlin,  Mras  elected  an  honorary 
member  of  the  society. 

The  following  papers  were  presented : 

The  Exponent  of  Gas  Radiation.     W.  J.  Humphreys. 

The  Distribution  of  Gases  in  the  Atmosphere.     W.  J.  Humphreys. 

Note  on  the  Rate  of  Movement,  Depth  and  Intensity  of  Storms.  Wm. 
R.  Blair. 

The  Variation  of  Temperature  with  Altitude  in  the  Lower  Stratum  of 
the  Atmosphere  and  its  Relation  to  Surface  Air  Pressure  and  other  Phe- 
nomena.    Wm.  R.  Blair. 

Stationary  Clouds  to  the  Leeward  of  Hill  and  Mountain  Ranges.  Wm. 
R.  Blair  and  L.  C.  Ross. 

On  the  Earth's  Magnetic  Variations.     (By  title.)     L.  A.  Bauer. 

The  Effect  of  Temperature  and  Pressure  on  Rigidity  and  Viscosity. 
(By  title.)     A.  A.  Michelson. 

Applications  of  Probability  to  Mechanics  and  Thermodynamic  Anal- 
ogies for  a  Simple  Dynamical  System.    (By  title.)     Edwin  B.  Wilson. 

The  Sublimation  of  Ice.     H.  T.  Barnes  and  W.  S.  Vipond. 

Specific  Heats  at  High  Temperatures.     W.  P.  White. 

Calorimetric  Accuracy.     W.   P.  White. 

The  Critical  Density  of  Water.     Harvey  N.  Davis. 

Re-determination  of  the  Radiation  Constants  of  a  Black  Body.  (By 
title.)     W.  W.  Coblentz. 

On  the  Scale  of  the  Platinum  Thermometer.  C.  W.  Waidner  and 
G.  K.  Burgess. 
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The  Specific  Heats  of  Gases  at  Low  Temperatures.     J.  S.  Shearer. 

The  Retardation  of  Alpha  Rays  by  MeUls  and  Gases.     T.  S.  Taylor. 

On  a  Ra)rs  from  Radium  B.     Howard  L.  Bronson. 

The  Kinetic  Energy  of  the  Positive  Ions  from  Hot  Bodies.  F.  €• 
Brown. 

The  Absence  of  Photoelectric  Fatigue  at  Very  High  Vacua.  (By  title. ) 
R.  A.  MiLLiKAN  and  G.  Winchester. 

Preliminary  Note  on  the  Variation  with  Speed  in  the  Mass  of  an  Elec- 
tron.    C.  A.  Proctor. 

The  Rotatory  Power  of  Limonene  at  Low  Temperatures.      F.    A. 

MOLBY. 

The  Efficiency  of  Light  of  Different  Wave-Lengths  in  Exciting  Fluo- 
rescence.    E.  L.  Nichols  and  Ernest  Merritt. 

The  Electrical  and  Optical  Properties  of  Metallic  Selenium.  A.  H. 
Pfund. 

The  Effect  of  Temperature  upon  the  Absorption  Spectra  of  Various 
Salts  in  Solution.     W.  W.  Strong. 

An  Improved  Form  of  the  Duddell  Singing  Arc.  (By  title.)  G.  W. 
Nasmyth. 

On  the  Reproducibility  of  the  Clark  and  Weston  Cells,  and  a  Recalcu- 
lation of  the  Mechanical  Equivalent  of  Heat.  H.  L.  Bronson  and  A. 
N.  Shaw. 

The  Determination  of  the  Constants  of  Instrument  Transformers.  P. 
G.  Agnew  and  T.  T.  Fitch. 

The  Daylight  Efficiency  of  Artificial  Light  Sources.  Herbert  E. 
Ives. 

Incandescent  Electric  Lamps  as  Secondary  Photometric  Standards. 
E.  B.  Rosa  and  G.  W.  Middlekauff. 

Note  on  the  New  Value  of  the  Unit  of  Candlepower  of  the  Bureau  of 
Standards.     E.  B.  Rosa. 

Methods  and  Errors  in  Magnetic  Measurements.  Charles  W. 
Burrows. 

On  the  Absolute  Measurement  of  Current  by  a  New  Current  Balance. 
E.  B.  Rosa  and  N.  E.  Dorsey. 

Preliminary  Report  on  the  Alternating  Current  Method  of  Measuring 
Resistance  in  Absolute  Measure.     E.  B.  Rosa  and  F.  W.  Grover. 

An  Experimental  Determination  of  the  Resolving  Power  Constant  of 
Lenses.     P.  G.  Nutting. 

The  Natural  Scale  of  Pure  Color.     (By  title.)     P.  G.  Nutting. 

An  Optical  System  of  Obtaining  Monochromatic  Light.  (By  title.) 
Frederick  Bates. 

The  Change  of  Electrical  Resistance  with  Temperature  in  the  case  of 
Palladium  Charged  with  Hydrogen.     E.  C.  Crittenden. 
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The  Resistance  of  the  Alkali  Metals  at  Low  Temperatures.     R.  C. 

RODGERS. 

Achromatism  of  Interference.     C.  W.  Chamberlain. 

Ernest  Merritt, 

Secretary. 

On  a  Rays  from  Radium  B.* 
By  Howard  L.  Bronson. 

SOME  time  ago  the  writer,*  investigated  the  question  as  to  whether 
or  not  radium  B  gave  out  a  particles.  The  conclusion  reached  was 
that  no  a  particles  were  shot  off  with  sufficient  velocity  to  ionize  the  air. 
Recently  the  question  has  again  been  raised  by  Frederic  A.  Harvey,' who 
concludes  that  a  large  part  of  the  ionization  produced  by  the  active  de- 
posit from  radium  is  due  to  a  particles  from  radium  B,  whose  ionizing 
range  in  air  lies  between  2.6  and  3.0  mm. 

The  method  employed  by  Harvey  was  a  modification  of  that  used  by 
Bragg  and  Kleeman.^  The  writer  has  repeated  this  experiment  but  has 
been  unable  to  get  any  indication  whatever  of  the  presence  of  such  short 
range  a  particles  as  Harvey  describes.  The  method  at  best,  however,  is 
not  well  adapted  for  investigating  very  short  range  a  particles.  I  have, 
therefore,  tried  a  new  method  which  avoids  most  of  the  difficulties  inhe- 
rent in  the  previous  one.  The  principle  of  the  method  is  very  simple 
and  avoids  the  necessity  of  changing  the  distance  between  the  testing 
vessel  and  the  active  material.  Instead  the  range  of  the  a  particles  is 
gradually  increased  by  reducing  the  pressure  of  the  air. 

In  the  arrangement  of  the  apparatus  used  by  the  writer,  the  two  plates  of 
the  testing  vessel  were  about  5  mm.  apart,  and  the  lower  one,  which  was 
of  wire  gauze,  was  about  5  mm.  above  the  active  wire.  Now,  if  none  of 
the  a  particles  present  had  a  range  of  less  than  10  mm.  in  air  at  atmos- 
pheric pressure,  then  the  ionization  current  should  vary  as  the  pressure. 
If,  however,  radium  B  gives  out  a  particles  which  have  a  range  of  2.5 
mm.,  and  if  they  produce  the  same  number  of  ions  per  cm.  of  path  as  the 
a  particles  from  radium  C,  then,  after  the  pressure  is  reduced  to  half  an 
atmosphere,  the  short  range  a  particles  will  begin  to  enter  the  testing 
vessel,  and  the  ionization  will  remain  constant  until  the  pressure  has  fallen 
to  a  quarter  of  an  atmosphere.  At  this  point  the  path  of  the  a  particles 
will  extend  through  the  entire  depth  of  the  testing  vessel,  and  as  the 
pressure  is  still  further  reduced,  the  ionization  again  becomes  propor- 
tional to  the  pressure. 

>  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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»Phys.  Zeit.,  10,  46,  1909. 
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The  results  of  the  experiment  showed  that  the  ionization  in  the  testing 
vessel  was  approximately  proportional  to  the  pressure  of  the  air  from  76 
to  3  cm.  It  would,  therefore,  seem  fair  to  conclude  that  there  is  not 
present  in  the  active  deposit  from  radium  any  substance  giving  out  a 
particles  which  have  a  range  in  air  between  i  and  5  mm. 
Macdonald  Physics  Building, 

McGiLL  University,  Montreal, 
April,  2,  1909. 

The  Sublimation  of  Ice.^ 
By  H.  T.  Barnes  and  W.  S.  Vipond. 

MEASUREMENTS  of  the  latent  heat  of  sublimation  of  ice  have  been 
made  by  means  of  the  Bunsen  ice  calorimeter.  When  the  ice 
was  evaporated  rapidly  the  value  was  found  to  be  identical  with  the 
latent  heat  of  vaporization  of  water  at  o®  C.  as  determined  by  Regnault 
and  A.  W.  Smith.  When  the  ice  was  evaporated  slowly  the  latent  heat 
was  what  would  be  expected  as  the  sum  of  the  latent  heats  of  vaporization 
of  water  and  fusion  of  ice.  Intermediate  values  could  be  obtained  by 
regulating  the  rate  of  the  evaporating  air  current. 

The  theory  is  advanced  that  ice  vaporizes  in  a  polymeric  form  which 
is  unstable,  rapidly  breaking  down  into  water  vapor  with  the  absorption 
of  80  calories  of  heat  per  gram.  With  rapid  ciurents  of  air  passed 
through  the  calorimeter  the  vapor  was  removed  before  having  time  to 
break  down,  while  with  slow  currents  the  transformation  took  place 
entirely  within  the  calorimeter. 

On    the  Reproducibility  of  the  Clark  and   Weston  Cells, 

AND  A  Recalculation  of  the  Mechanical 

Equivalent  of  Heat.^ 

By  H.  L.  Bronson  and  A.  N.  Shaw. 

THE  investigation  described  in  this  paper  was  undertaken  with  a 
double  purpose :  (i)  to  determine  with  what  accuracy  we  could 
reproduce  Clark  and  Weston  standard  cells  by  following  specifications 
given  by  Wolff  and  Waters;'  (2)  to  compare  these  cells  with  those 
made  according  to  the  old  specifications  and  thus  to  correct  the  value 
which  Dr.  Barnes  obtained  for  the  mechanical  equivalent  of  heat  and 
which  was  based  on  the  assumption  that  the  Clark  cell  at  15^  C.  had  a 
value  of  1.4342  int.  volts. 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society. 
April  26  and  27,  1909. 
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This  work  was  commenced  last  summer  6y  Dr.  Bronson  at  the  Bureau 
of  Standards.  Several  Clark  and  Weston  cells  were  made  by  him  there 
and  compared  with  the  reference  cells  at  the  bureau.  Some  of  these 
were  then  brought  by  him  to  Montreal,  and  others  have  since  been  made 
by  both  of  the  writers.  We  have  also  been  fortunate  in  having  for  com- 
parison three  Weston  cells  made  last  summer  at  the  National  Physical 
Laboratory  in  London.  One  of  these  was  kindly  presented  and  the  other 
two  loaned  to  us  by  Mr.  Ormand  Higman,  director  of  the  standardizing 
laboratory  at  Ottawa. 

The  agreement  among  the  Weston  cells  seems  to  be  rather  better  than 
among  the  Clark  cells.  Six  Weston  cells  made  by  the  writers  have  an 
average  variation  from  their  mean  of  less  than  5  micro-volts,  and  our  cal- 
culation shows  that  their  mean  is  only  about  2  micro-volts  higher  than 
the  reference  cells  at  the  Bureau  of  Standards  and  about  6  micro-volts 
higher  than  the  mean  of  the  three  cells  from  the  National  Physical  Lab- 
oratory. In  the  case  of  the  Clark  cell  the  average  variation  from  their 
mean  is  less  than  10  micro- volts,  while  their  mean  is  about  14  micro- 
volts higher  than  the  reference  cells  at  the  Bureau  of  Standards.  As  a 
check  upon  the  accuracy  of  these  values,  a  direct  comparison  was  made 
between  the  Clark  and  Weston  cells.  The  ratio  at  25®  C.  was  found  to 
be  1.394792,  which  is  higher  than  the  value  1.394780  found  by  Wolff 
and  Waters  by  an  amount  which  is  exactly  accounted  for  by  the  above 
mentioned  differences  between  our  cells  and  those  made  by  them. 

The  above  results  indicate  that  both  Clark  and  Weston  cells  can  be 
readily  reproduced  with  a  much  greater  accuracy  than  has  generally  been 
supposed. 

On  the  Mechanical  Equfvalent  of  Heat. 

In  1902,  Dr.  Barnes '  determined  the  absolute  value  of  the  mechanical 
equivalent  of  heat  in  terms  of  the  international  electric  units.  Taking 
the  value  of  the  true  ohm  as  i. 01 358  B.A.  units  and  the  value  of  the 
Clark  cell  at  15^  C.  as  1.4342  volts,  he  obtained  4.1888  as  the  mean 
value  of  the  joules  per  calorie  for  the  interval  between  5®  C.  and  95®  C. 

Within  recent  years,  however,  several  important  determinations  of  the 
absolute  value  of  the  Clark  cell  have  been  made.  The  different  deter- 
minations differ  among  themselves  by  several  parts  in  10,000,  but  I  think 
we  may  fairly  assume  that  1.4330  volts  is  very  near  the  true  value.  There 
are,  however,  important  differences  between  these  cells  and  those  set  up 
according  to  the  old  specifications  by  Dr.  Barnes,  and  used  by  him  in 
the  determination  of  the  mechanical  equivalent  of  heat.  Dr.  Barnes  has 
therefore  made  for  us  twelve  cells  according  to  the  specifications  which 
he  formerly  used,  and  we  have  compared  these  with  our  new  cells.  This 
»Phil.  Trans.  Roy.  Soc,  A,  199,  149,  1902. 
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comparison  shows  that  these  twelve  cells  average  almost  exactly  .30  milli- 
volt higher  than  the  cells  made  according  to  the  new  specifications 
This  is  also  in  accord  with  the  measurements  of  Wolff  and  Waters  on 
similar  cells. 

The  best  absolute  value  which  can  at  present  be  taken  for  those  cells 
which  Dr.  Barnes  used  in  determining  the  mechanical  equivalent  is, 
therefore, 

14330  +  -0003  =  1-4333  volts  at  15®  C. 

Dr.  Barnes  had  recalculated  his  value  of  the  mechanical  equivalent  on 
this  basis,  and  has  obtained  4.1835  joules  per  calorie  for  the  interval 
between  5®  and  95®  C,  or  4.1849  joules  per  calorie  between  o®  and 
ICO®  C.  The  value  obtained  by  Reynolds  and  Moorby,*  for  this  same 
interval  would  be  4. 1836  joules  per  calorie.  The  value  which  Rowland 
obtained  by  direct  mechanical  methods  also  shows  remarkably  good  agree- 
ment with  that  obtained  by  Dr.  Barnes  by  electrical  methods.  This  is 
especially  true  when  we  consider  that  Rowland  did  not  claim  for  his 
results  an  accuracy  much  greater  than  i  part  in  1,000.  The  mean  value 
obtained  by  Rowland,  as  corrected  by  Weidner  and  Mallory,  is  4.185 
joules  per  calorie  between  5**  and  35®  C,  while  Dr.  Barnes'  mean  value 
for  the  same  range  is  4.183.  The  above  results  would  indicate  that  the 
values  assumed  for  the  ohm  and  Clark  cell  cannot  be  far  from  the  truth. 
Macdonald  Physics  Building, 

McGiLL  University,  Montreal, 
April  7.  1909. 

Incandescent  Electric  Lamps  as  Secondary  Photometric 
Standards.* 

By  E.  B.  Rosa  and  G.  W.  Middlekauff. 

IN  the  absence  of  a  satisfactory  primary  photometric  standard  which  is 
sufficiently  reliable  and  reproducible  as  to  be  generally  adopted  it  is 
customary  in  the  measurement  of  the  light  of  electric  illuminants,  and  to 
some  extent  in  gas  flames,  to  use  carbon  filament  incandescent  electric 
lamps  as  secondary  standards. 

The  Bureau  of  Standards  has  maintained  its  unit  of  light  substantially 
constant  for  six  years  by  this  means,  and  has  made  frequent  intercompari- 
sons  with  foreign  laboratories  in  this  way.  In  order  to  increase  the  pre- 
cision of  photometric  measurements  it  is  desirable  that  standards  be  used 
which  are  substantially  of  the  same  color  as  the  light  being  measured,  and 
this  makes  it  necessary  to  have  standards  of  different  temperatures.     For 

»  Monthly  Weather  Reriew,  35,  458,  1907. 

'  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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temperatures  higher  than  can  be  attained  with  carbon  lamps,  metal  fila- 
ment lamps  may  be  used  in  the  same  way,  and  recent  experiments  show 
that  such  lamps  may  be  seasoned  and  used  in  such  a  way  as  to  be  satisfac  - 
tory  as  standards  of  candlepower. 

We  have  recently  improved  our  methods  of  seasoning  and  testing  lamps 
which  are  to  be  used  as  standards,  so  as  to  make  them  even  more  reliable 
and  more  permanent  than  heretofore.  Some  of  the  advantages  of  these 
standards  over  flame  standards  will  be  pointed  out  in  the  paper,  and  the 
possibility  of  usiiig  such  secondary  standards  for  maintaining  permanently 
the  common  unit  of  light  will  be  discussed. 

Preliminary   Report  on  the  Alternating   Current  Method 
OF  Measuring  Resistance  in  Absolute  Measure.^ 

By  E.  B.  Rosa  and  F.  W.  Grover. 

THE  value  of  a  resistance  in  absolute  measure  is  determined  by  the 
alternating  current  method  by  measuring  the  value  of  the  self  or 
mutual  inductance  of  a  coil  by  means  of  alternating  currents  in  terms  of 
resistance  and  time  with  sufficient  precision.     That  is  to  say,  assuming 
that  an  absolute  inductance  is  known  in  terms  of  its  dimensions,  and  that 
it  can  be  compared  with  precision  with  some  other  coil  which  is  to  be 
measured  by  means  of  alternating  currents,  or  that  it  can  itself  be  meas- 
ured by  the  alternating  current  method,  it  then  remains  to  determine  by 
means  of  some  kind  of  a  bridge  or  combination  of  resistances,  the  value 
of  the  self  or  mutual  inductance  by  means  of  alternating  current.     We 
have  done  sufficient  work  on  this  subject  to  justify  a  preliminary  report 
of  results  which  was  given  at  the  meeting,  although  we  are  not  as  yet  pre- 
pared to  give  any  final  values. 

The  precision  of  measurements  of  the  inductances  is  satisfactory. 
Some  improvement  remains  to  be  made  in  the  primary  inductances. 

Note  on  the  New  Value  of  the  Unit  of  Candlepower  of 

THE  Bureau  of  Standards.^ 

By  E.  B.  Rosa. 

THE  Bureau  of  Standards  has  recently  come  to  an  agreement  with 
the  National  Physical  Laboratory  of  England  and  the  Laboratoire 
Central  d'filectricit^  of  Paris,  whereby  a  common  value  of  the  unit  of 
candlepower  for  these  three  countries  is  to  be  maintained  by  these  labora- 
tories acting  together. 

The  Bureau  of  Standards,  in  order  to  come  into  agreement  with  the 
values  of  England  and  France,  is  reducing  its  unit  of  candlepower  by 
>  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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1.6  per  cent.  The  effect  of  this  will  be  to  increase  the  candlepower 
ratings  of  lamps  which  are  expressed  in  terms  of  the  bureau  unit,  and 
this  includes  practically  all  of  the  electric  lamps  of  the  country. 

Gas  flames  have  been  rated  in  terms  of  various  flame  standards,  but 
the  American  Gas  Institute  has  agreed  to  adopt  the  new  unit  of  the 
bureau,  so  that  hereafter  all  flame  standards  may  be  expressed  in  terms  of 
the  unit  of  the  bureau. 

This  international  candle  will  have  a  value  one  ninth  greater  than  the 
Hefner  unit,  that  is,  the  Hefner  is  90  per  cent,  of  the  new  unit  of 
candlepower. 

The  International  Electrotechnical  Commission  is  undertaking  to  secure 
international  sanction  for  the  use  of  the  term  international  candle  for  the 
common  unit  which  is  to  be  maintained  constant  by  America,  France, 
and  Great  Britain.  There  will  then  be  two  international  units  of  light, 
the  international  candle,  and  the  Hefner  imit,  having  a  simple  ratio  of 
10 :  9. 

On  the  Absolute  Measurement  ok  Current  by  a  New 
Current  Balance.* 

By  E.  B.  Rosa  and  N.  E.  Dorsey. 

THE  Raleigh  form  of  balance  has  been  adopted  as  affording  the  pos- 
sibility of  determining  the  constant  of  an  instrument  with  extreme 
precision,  and  giving  a  sufficiently  large  force  to  be  measured  accurately. 
Many  improvements  have  been  made  over  the  original  balance  as  used  by 
Lord  Raleigh,  one  of  the  most  important  being  the  use  of  water  cooling 
to  maintain  the  coils  at  constant  temperature,  so  that  the  constant  of  the 
instrument  and  the  forces  to  be  measured  are  unaffected  by  the  heat  due 
to  the  current. 

The  instrument  has  been  in  use  for  more  than  a  year,  and  has  been 
investigated  very  elaborately  for  the  purpose  of  obtaining  the  highest 
}  ossible  precision  in  the  absolute  measurement  of  current.  The  final 
results  have  not  yet  been  obtained,  but  a  report  of  progress  will  be  made 
and  the  results  communicated. 

The  difference  found  between  the  present  legal  value  of  standard  cells 
and  the  value  given  from  the  current  balance  and  a  standard  resistance  is 
9  parts  in  10,000,  giving  the  Weston  Normal  cell  the  value  1.0182  volts 
at  20^  C.  The  corresponding  value  of  the  Clark  Standard  cell,  as  at 
present  made,  is  1.4324  at  15**  C.  (This  is  .0003  less  than  the  older 
form  of  the  Clark  cell. )  The  value  to  one  more  decimal  place  will  be 
given  in  the  final  account  of  the  work. 

'  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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The  Daylight  Efficiency  of  Artificial  Light  Sources.* 
By  HiutBERT  E.  Ives. 

AN  investigation  prompted  by  the  question  whether  the  newer  high 
efficiency  illuminants  might  not  be  screened  to  resemble  daylight 
without  prohibitive  loss  of  efficiency.  Daylight  is  assumed  to  have  the 
spectral  relation  to  acetylene  found  by  E.  L.  Nichols'  investigations. 
Two  methods  are  developed.  The  first,  by  a  discussion  of  the  colored 
absorbing  screens  necessary  to  reduce  a  continuous  spectrum  to  the  day- 
light spectrum,  and  the  luminosity  values  of  the  different  colors  of  the 
spectrum,  leads  to  a  quantity 

Intensity  of  white  light  obtained  by  screening  source  to  daylight  color 
Intensity  of  unscreened  source 

called  the  "white  light  efficiency."     The  second,  by  considering  the 
amount  of  white  light  which,  mixed  with  a  single  spectrum  ray,  will 

,     ^        ,,,.,.,.  Intensity  of  white  sensation 

match  the  colored  light,  leads  to  a  quantity    = t^ — -z ^ — 

Intensity  of  total  sensation 

called  the  "white  sensation  efficiency." 

The  white  light  efficiency  depends  upon  arbitrary  choice  of  point  from 
which  screening  starts,  and  gives  zero  value  to  selective  sources  of  the 
type  of  the  mercury  arc.  It  gives  an  indication  of  a  source's  suitability 
for  use  where  color  values  are  to  be  judged.  Numerical  values  indicate 
that  ordinary  sources  (glow  lamps,  acetylene,  etc.)  have  from  20  to  50 
per  cent,  available  white  light.  A  i  ^  watts  tungsten  lamp  may  be  screened 
to  resemble  daylight  with  a  resultant  efficiency  of  about  4  watts  per  candle, 
or  the  efficiency  formerly  considered  practical  in  electric  lighting. 

The  white  sensation  efficiency  is  applicable  to  all  types  of  sources,  and 
accurately  describes  the  color  of  the  light  or  a  white  surface  illuminated 
by  it.  It  gives  no  idea  of  the  source's  suitability  for  color  discrimi- 
nation. It  is,  however,  independent  of  any  choice  of  screening  point 
and  scientifically  preferable.  The  white  sensation  efficiencies  are  always 
higher  than  the  white  light  efficiencies. 

For  the  most  useful  comparison  of  artificial  sources  the  results  of  the 
two  methods  have  been  combined  by  a  graphical  scheme.  Rectangles 
represent  the  amounts  of  white  sensation  in  the  various  sources,  the 
shaded  portions  of  the  rectangles  the  amount  of  white  light  available  by 
screening.  Sources  well  suited  for  color  discrimination  have  large 
shaded  portion  and  vice  versa,  while  large  rectangles  indicate  lights  of 
good  integral  color.  The  dominant  spectrum  hue  of  each  light  is  given 
by  an  adjoining  wave-length  scale. 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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An  Improved  Form  of  the  Duddell  Singing  Arc* 
By  Georgb  W.  Nasmyth. 

IN  the  usual  form  of  the  Duddell  singing  arc,  the  direct  current  arc,  in 
series  with  a  suitable  resistance  and  choke  coil,  has  the  oscillation 
circuit  containing  capacity  and  inductance  connected  in  shunt  across  the 
arc,  from  anode  to  cathode.  In  the  improved  form,  two  arcs  are  used  in 
parallel,  each  with  its  own  resistance  and  choke  coil,  and  the  oscillation 
circuit  is  connected  between  the  two  anodes,  the  two  cathodes  being  con- 
nected together.  (Or  the  two  anodes  may  be  connected  together,  and  the 
inductance  and  capacity  placed  between  the  two  cathodes. )  The  diagram 
of  connections  for  the  new  form  is  shown  in  the  accompanying  figure. 


Rg.  1. 

llie  chief  advantages  of  this  form  of  the  singing  arc  are  in  the  increased 
power  available  in  the  oscillation  circuit,  and  a  greatly  increased  sta- 
bility in  the  oscillation  conditions.  The  power  available  in  the  oscillation 
circuit  is  approximately  twice  that  obtainable  from  the  usual  form  of  the 
singing  arc.  With  two  arcs  connected  in  this  way,  the  fluctuations  in 
either  arc  have  a  tendency  to  be  neutralized  by  the  other  arc,  and  the 
effect  on  the  oscillations  is  greatly  diminished.  If  the  arcs  are  surrounded 
by  a  hydrogen  atmosphere,  supplied  by  alcohol  lamps  or  illuminating  gas, 
the  oscillations  will  be  maintained  for  a  time  even  though  one  arc  goes 
out,  the  other  arc  continuing  to  send  the  oscillations  through  the  hydrogen 
atmosphere.  If  one  arc  is  short  circuited,  the  connections  are  changed 
to  the  usual  form  of  the  singing  arc,  and  the  oscillations  will  continue. 

With  this  new  form  of  the  singing  arc  the  author  has  obtained  oscilla- 
tions over  a  range  of  frequencies  from  two  per  second  to  1,000,000  per 
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second.  As  in  the  usual  form,  small  currentsXfrom  .5  to  3  amperes)  give 
the  most  energy,  and  a  water-cooled  copper  anode  is  of  advantage.  For 
low  frequencies  the  arcs  should  be  as  long  as  possible,  but  for  high 
frequencies  it  is  necessary  to  shorten  the  arcs. 

As  in  the  Duddell  fonn  of  the  singing  arc,  the  phenomena  in  this  case 
may  be  explained  as  due  to  the  negative  slope  of  the  voltage-current  arc 
characteristic.  Referring  to  the  figure,  suppose  the  current  through  the 
arc  A^  to  be  diminished  by  a  small  amount.  The  cross-section  of  the  arc 
vapor  will  be  decreased,  thus  increasing  the  resistance,  and  causing  a  rise 
in  the  potential  difference  across  the  arc.  A  charge  will  then  flow 
through  the  condenser  C  of  the  oscillation  circuit,  causing  an  increase  in 
the  current  through  the  arc  A^^  the  two  choke  coils  keeping  the  two  cur- 
rents from  the  main  supply  constant.  The  increased  current  through 
A^  enlarges  the  cross-section  of  the  arc,  lowers  the  resistance  of  this  arc, 
and  decreases  the  potential  difference  across  it.  This  causes  more  elec- 
tricity to  flow  from  the  first  arc  into  the  condenser,  raising  the  potential 
on  the  left-hand  side  of  the  oscillation  circuit  and  lowering  it  upon  the 
right,  and  so  the  effect  goes  on,  cumulatively,  until  the  potential  differ- 
ence across  the  condenser  becomes  great  enough  to  reverse  the  process, 
and  the  oscillations  go  back  and  forth  in  the  natural  period  of  the  oscilla- 
tion ciruit. 

Preliminary  experiments  with  varying  arc  length  and  arc  currents  indi- 
cate that  the  equation  for  the  frequency  of  the  usual  form  of  the  singing 
arc  holds  also  for  the  new  form.     This  equation  ^  is 


where  Z  is  the  inductance,  C  the  capacity  and  jR  the  resistance  in  the 
oscillation  circuit.  /  is  the  length  of  the  arc,  and  c  and  d  are  constants 
depending  upon  the  electrodes  and  the  gas  in  which  the  arc  is  formed. 
For  the  new  form,  if  /,  and  /,  are  the  lengths  and  A^  and  A^  the  currents 
of  the  two  arcs,  respectively,  the  equation  for  the  frequency  would  be 


27:   y  ZC  4Z* 

If  Kj  and  F^  are  the  potential  differences  across  the  two  arcs,  the  equa- 
tion may  be  written  ^^ 


1.    1_L_ 

2Jr'\  ZC 


i^^MiW' 


4Z* 
»  See  Phys.  Rev.,  Vol.  XXVII.,  No.  2,  August.  1908,  p.  128. 
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Experiments  also  indicate  that  the  power  available  in  the  oscillations 
increases  with  —  dVldA^  the  negative  slope  of  the  arc  voltage-current 
characteristic  curve,  and  data  which  the  author  hopes  to  include  in  a  more 
complete  article  in  the  near  future  show  that  in  order  to  have  the  oscilla- 
tions set  up  the  resistance  of  the  oscillation  circuit  must  be  less  than  the 
sum  of  the  negative  slopes  of  the  two  arc  characteristic  curves. 
Physical  Laboratory, 
Cornell  UNrvERSiTY. 

Specific  Heats  at  High  Temperatures.* 
By  Walter  P.  White. 

A  YEAR  ago,  specific  heat  determinations  at  high  temperatures  were 
described  in  which  the  hot  bodies  were  dropped  from  an  electric 
furnace  into  a  calorimeter.  The  calorimetric  errors  were  negligible.  The 
heat  loss  in  transit  was  compensated  and  thus  reduced  purely  to  an  acci- 
dental error,  which  the  agreement  of  the  results  shows  to  have  been  very 
small  (.1  percent,  or  less).  The  preponderant  source  of  error  was  the 
difficulty  of  obtaining  uniform  temperatures  in  the  electric  furnace.  A 
longer  and  narrower  furnace  was  therefore  constructed,  in  which  radiation 

Table. 


Temperature. 

Platinum. 

MgCaSI.O. 

CaSiO, 

Mean. 

Actual. 

Mean. 

Actual. 

Mean. 

Actual. 

lOQo 

.1920 

.2050 

.1833 

.1916 

500 

.03351 

.03560 

.2310 

.2668 

.2170 

.2510 

700 

.03425 

.03685 

.2420 

.2288 

900 

.03515 

.03799 

.2490 

.2810 

.2355  1  .2604 

1100 

.03575 

.03901 

.2563 

.2400 

1300 

.03644 

.04003 

.2600 

.2800 

.2420    .2510 

1500 

.03679 

.04073 

shields  above  and  below  the  charge  increase  the  uniformity  of  tempera- 
ture. The  accidental  variations  of  the  results  were  thus  brought  in  nearly 
all  cases  below  .5  per  cent.,  usually  below  .2  per  cent.  The  systematic 
errors  are  probably  not  much  larger,  but  are  to  be  further  investigated. 
Meanwhile,  the  results  seem  trustworthy  to  i  per  cent.,  except  above 
1400^,  and  as  little  is  known  of  specific  heats  in  the  region  covered,  a 
preliminary  publication  of  some  illustrative  substances  is  now  given. 
The  temperature  scale  was  determined  from  experiments  still  in  progress 
at  the  Geophysical  Laboratory,  and  does  not  contribute  appreciably  to 
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the  systematic  error,  except  again,  possibly,  at  the  highest  temperatures. 
The  following  values  for  platinum  and  two  pure  cr3rstalline  silicates  are  of 
the  mean  specific  heat  from  o  up,  which  was  directly  determined,  and  of 
the  actual  specific  heat  at  each  temperature,  derived  from  this. 

The  results  for  CaSiO,  are  within  i  per  cent,  of  those  obtained  a  year 
ago.  These  data  agree  within  .5  per  cent.,  in  most  cases  much  closer, 
with  the  following  formulas  for  the  mean  specific  heat. 

Pt  .03198+3.4X  lo"**  or  .03198+3.967 X  io"*'»— 4-67 X  io""*»*% 
CaMgSijO,  .1779  +  '-516  X  io"*»5^—  1.047  X  lo^'i^*  +  2.81  X  io~"*', 
CaSiO,  .1722  +  1. 18  X  10"**  —  6.16  X  io""«*  +  9.4  X  io~"i>'. 

The  linear  equation  for  platinum  is  the  more  convenient,  the  other, 
probably  nearer  the  truth ;  their  difference  is  well  within  the  possible  error. 

U  A  +  B^  -^^  CT*  +  /?*•  +  • .  •  is  the  expression  for  the  mean  specific 
heat,  the  actual  specific  heat  is  given  by  ^  +  2Bd^  +  36"^*  +  4ZMi'  -i — 
but  the  actual  heats  thus  determined  contain  the  errors  of  the  mathe- 
matical expression  in  an  exaggerated  degree,  hence  those  here  given  for 
the  silicates  were  obtained  graphically.  Even  so,  they  are  less  accurate 
than  the  mean  heats,  especially  at  the  higher  temperatures  (an  error  of 
one  per  cent,  in  the  mean  heat  at  1 500^  may  produce  one  of  seven  per  cent, 
in  the  true  heat).  The  apparent  decrease  in  the  silicate  specific  heats 
above  900^  must  therefore  not  be  given  undue  weight ;  but  the  general 
character  of  their  specific  heat  curves,  whose  increase  is  mainly  at  com- 
paratively low  temperatures,  is  unquestionable  and  in  striking  contrast  to 
platinum. 

Quartz  shows  the  same  type,  even  more  strongly  marked,  but  the 
inversion  at  575^,  which  causes  a  heat  evolution  of  from  4  to  5  calories, 
complicates  the  treatment  of  the  data,  and  will  necessitate  further  ob- 
servations. The  mean  heat,  0-500**,  is  .2370,  which  is  very  much 
lower  than  some  published  values.  The  specific  heats  here  given  for 
platinum  are  also  several  per  cent,  below  accepted  values. 
Geophysical  Laboratory, 

Carnegie  Institution  of  Washington, 
April  6,  1909. 

Calorimetric  Accuracy.     (Method  of  Mixtures.)^ 
By  W.  p.  White. 

I.    Increase  of  the  Working  Temperature  Difference. 
HE  calorimetric  cooling  correction  is  generally  computed  on  the 


T 


assumption  that  Newton's  law  of  cooling  holds,  and  to  make  this 
assumption  tenable,  the  temperature  rise  in  the  calorimeter  is  restricted 
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to  a  small  value,  2  to  4^.     A  larger  interval  would  diminish  the  effect  of 
the  accidental  errors  in  the  thermometer  reading,  and  is  easily  employed 
if  the  law  of  cooling  of  the  calorimeter  is  first  determined. 
In  one  case,  this  followed  the  cubic  equation 

K^  .0033*  +  .0001 14»$'  —  .00000231^' 

where  *  is  the  difference  in  temperature  between  calorimeter  and  jacket. 
If,  now,  the  difference  between  this  function  and  the  simple  function 

K^  .00331J 

is  tabulated  and  applied  as  a  correction  to  the  absolute  values  of  i9,  the 
corrected  values  of  *  are  then  proportional  to  the  cooling  rate,  and  may 
be  operated  upon  precisely  as  if  Newton's  law  held.  The  daily  variations 
in  the  magnitude  of  the  cooling  constant  are  eliminated  by  this  method, 
just  as  by  the  usual  one.  The  corrections  are  found  graphically  and  the 
whole  operation  hardly  requires  ten  minutes.  The  possible  error  from  it 
is  far  less  than  several  other  calorimetric  errors.  Furthermore  the  cal- 
orimeter temperature  usually  rises  rapidly  and  then  falls  slowly,  so  the 
final  value  of  ^  when  the  cooling  rate  is  experimentally  determined  is 
near  the  mean  for  the  preceding  interval  and  the  correction  on  account 
of  the  variation  from  Newton's  law  of  cooling  is  really  very  small,  —  so 
small  that  it  need  only  be  determined  once  or  twice  in  the  course  of  a 
long  series  of  experiments,  and  may  be  neglected  altogether  for  work  not 
of  the  highest  accuracy.  In  a  number  of  different  series,  with  tempera- 
ture intervals  reaching  23®,  and  a  time  interval  of  14  minutes,  its  maxi- 
mum value  was  .02  per  cent.  A  great  increase  in  effective  thermometric 
sensitiveness  can  therefore  be  obtained  with  practically  no  cost,  either  in 
labor  or  chance  of  error. 

II.   Sources  of  Error. 

1.  A  bolometer  wire  .001  mm.  in  thickness  can  be  heated  100^  above 
the  air  and  will  remain  not  only  constant  but  steady  in  temperature  to 
.0001^.  There  is  therefore  no  reason  to  suppose  that  it  is  at  all  difficult 
to  so  control  conditions  that  the  cooling  of  a  calorimeter  may  be  very  uni- 
form and  dependable,  nor  is  there  much,  if  any,  direct  evidence  to  the 
contrary. 

2.  The  necessity  of  measuring  the  cooling  rate  augments,  and  under 
favorable  conditions  about  doubles,  the  error  from  accidental  variations 
in  the  thermometer  reading.  This  effect  does  not  depend  on  the  magni- 
tude of  the  correction,  not  even  when  the  correction  vanishes  altogether, 
unless  its  being  equal  to  zero  can  be  assured  without  thermometric 
measurement. 

3.  A  simple  reckoning  shows  that  appreciable  error  may  frequently 
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arise  from  neglecting  the  variation  in  the  temperature  of  the  jacket,  but 
this  of  course  is  very  easily  obviated.  The  same  may  also  be  said  of 
variations  of  the  heat  produced  by  stirring. 

Otherwise,  the  only  important  source  of  error  due  to  the  cooling  arises 
^m  its  variations  before  settling  down  to  a  steady  value,  all  of  which 
are  most  conveniently  treated  as  time  lags. 

4.  The  lag  of  the  thermometer  has  already  been  shown  to  be  negligible 
under  ordinary  conditions.' 

5.  If  a  hot  body  is  in  the  calorimeter,  the  temperature  of  the  surface, 
on  which  the  cooling  depends,  will  for  a  while  lag  behind  that  of  the 
thermometer,  by  which  it  is  determined. 

6.  On  account  of  the  time  required  to  heat  the  air  about  the  calorim- 
eter, the  cooling  rate  will  not  at  once  attain  the  value  appropriate  to 
the  measured  temperature  difference. 

7.  That  portion  of  the  cooling  which  is  due  to  the  outlying  parts  of 
the  calorimeter  will  obviously  lag,  since  their  temperature  lags  behind  the 
rest. 

The  error  from  these  lags  is  easily  shown  to  be  insignificant.  A  calo- 
rimeter holding  two  liters  will  cool  so  as  to  lose  about  .003  of  its  excess 
temperature  per  minute,  hence  a  lag  of  20  seconds  in  the  cooling  rate 
means  only  .1  per  cent,  final  error,  nor  would  this  be  more  than  doubled 
if  the  calorimeter  were  reduced  to  250  c.c.  Now,  the  lag  5  above  need 
not  exceed  2  seconds,  hence  .01  per  cent,  is  a  generous  estimate  for 
its  effect,  and  also  for  the  effective  value  of  7,  since  that  concerns 
only  a  small  part  of  the  calorimeter  surface.  Direct  measurements 
show  that  6  would  rarely  reach  10  seconds.  This  would,  of  course,  be 
important  in  absolute  determinations,  but  in  a  directly  calibrated  calo- 
rimeter the  resulting  error  is  only  the  variation  of  the  effects  with  different 
ranges  or  methods  of  heating.  But  in  the  case  of  a  single  body  receiv- 
ing heat  from  another,  the  integral  of  the  lag  depends  only  on  the  inter- 
val and  the  conductivity,  being  entirely  unaffected  by  the  manner  in 
which  the  first  body  is  heated,  whether  slow  or  sudden,  steady  or  variable. 
Hence  the  error  from  5,  6  or  7  is  confined  to  the  possible  slight  varia- 
tions in  the  integrals  of  these  lags  which  might  result  from  the  fact  that 
they  depend  upon  bodies  which  are  not  quite  simple  —  variations  which 
in  any  case  occur  only  through  radical  differences  in  the  method  of  heat- 
ing, and  which  affect  quantities  whose  original  magnitude  corresponds  to 
less  than  .05  per  cent,  of  the  heat  measured. 

It  is  clear,    then,  that  under  proper  conditions,   the  thermometer 

reading,  rather  than  the  cooling  correction  itself,  is  really  responsible 

for  the  unavoidable  calorimetric  errors.     Since  in  diminishing  the  size  of 

the  calorimeter  the  need  for  thermometric  sensitiveness  decreases  at  a 

'Phys.  Rkv.,  27,  526,  1908. 
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rate  approaching  the  cube  of  that  in  which  the  cooling  correction  in- 
creases, the  possible  gain  from  increasing  the  temperature  interval  is 
evident. 

Geophysical  Laboratory, 

Carnegie  Institution  of  Washington, 
April  6,  1909. 

The  Retardation  of  Alpha  Rays  by  Metals  and  Gases.^ 
By  T.  S.  Taylor. 

IN  a  paper,  in  the  American  Journal  of  Science ^  for  September,  1908, 
the  writer  described  some  experiments  which  showed  clearly,  that 
the  air-equivalents  of  metal  foils  decrease  with  the  range  of  the  a-particles 
entering  the  foils.  By  "  air  equivalent "  is  meant  the  amount  by  which 
the  range  of  the  a-particles  in  air  is  cut  down  by  their  passage  through  the 
foil.  The  change  in  the  air  equivalents  is  small  for  thin  foils  of  the 
lighter  metals  when  the  range  of  the  a-particles  entering  the  sheets  is 
high ;  but  when  the  range  is  low  for  thin  sheets,  or  when  the  sheets  are 
thicker,  the  change  becomes  quite  marked.  By  comparing  the  change 
for  sheets  of  different  metals  of  nearly  equal  air  equivalents,  the  rate  of 
change  was  found  to  be  in  the  order  of  the  atomic  weights  of  the  metals. 

Geiger  in  the  Proceedings  of  the  Royal  Society'  pointed  out  that 
a-rays  are  scattered  by  their  passage  through  metal  foils.  This  raised 
the  question  as  to  whether  the  results  obtained  by  the  writer  were  due  to 
the  scattering  of  the  rays.  This  particular  point  was  investigated,  and  it 
was  found  that,  although  the  a-rays  are  scattered  not  only  in  passing 
through  metal  foils  but  also  in  passing  through  the  air,  the  effect  previously 
observed  was  not  influenced  by  the  scattering  and  hence  could  not  be 
explained  on  that  basis. 

Polonium  was  used  as  the  source  of  the  a-rays  in  the  experiments  cited 
above.  In  order  to  extend  the  investigation  to  a-particles  of  greater 
range,  radium  bromide  has  been  used  as  the  source  of  rays  in  later  experi- 
ments. The  results  obtained  in  this  case  are  in  complete  agreement 
with  those  found  in  the  first  experiments.  Moreover  some  other  inter- 
esting phenomena  have  been  observed.  The  air  equivalent  of  a  sheet  of 
paper  does  not  vary,  as  it  does  in  the  case  of  the  metal  foils,  with  the 
range  of  the  a-particle,  but  remains  constant.  The  same  statement  holds 
for  a  sheet  of  "celloidin."  The  air  equivalent  of  a  cell  containing 
hydrogen,  instead  of  increasing  with  the  range  and  consequently  with 
the  velocity  of  the  a-particle,  decreases  as  the  range  of  the  entering  a- 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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particle  increases ;  the  thicker  the  cell  of  hydrogen,  the  greater  the  rate 
of  decrease.  The  constant  values  of  the  air  equivalents  of  the  sheets  of 
paper  and  "celloidin,"  and  the  anomalous  behavior  of  the  hydrogen 
sheets  may  be  expected ;  for  the  effect  we  have  measured  is  a  relative 
one,  that  is,  we  have  substituted  the  different  substances  for  the  air  at 
different  points  of  the  range  of  the  a-particles  and  made  a  comparison  in 
this  way.  Hence,  if  for  those  materials  having  atomic  weights  greater 
than  that  of  air,  the  air  equivalents  decrease  as  the  range  of  the  entering 
a-particle  decreases,  then  for  substances  such  as  paper  and  celloidin  hav- 
ing atomic  weights  about  the  same  as  air,  we  should  expect  their  air 
equivalents  to  remain  constant ;  but,  on  the  contrary,  for  a  lighter  sub- 
stance, such  as  hydrogen,  we  should  expect  its  air  equivalent  to  increase 
as  the  range  of  the  a-particle  decreases. 

Using  the  same  source  of  rays,  the  Bragg  ionization  curves  have  been 
obtained  in  an  atmosphere  of  hydrogen,  and  in  an  atmosphere  of  air 
reduced  in  pressure  so  as  to  have  the  range  in  air  the  same  as  it  was  in 
hydrogen.  The  curves  obtained  in  the  two  cases  present  differences 
which  are  in  accordance  with  the  phenomena  cited  above. 

Sloane  Laboratory, 
Yale  University, 
March  31,  1909. 

Redetermination  of  the  Radiation  Constants  of  a 

Black  Body.^ 

By  W.  W.  Coblentz. 

THE  radiation  from  the  so-called  black  body  was  investigated  about 
eight  to  ten  years  ago  and  the  results  then  obtained  are  somewhat 
at  variance.  In  view  of  the  fact  that  it  seems  feasible  to  replace  or  at 
least  to  supplement  the  present  thermoelectric  extrapolations,  at  high 
temperatures,  by  means  of  a  temperature  scale  based  upon  these  radiation 
laws,  it  is  desirable  to  make  a  thorough  spectrobolometric  investigation 
of  the  black  body  at  various  temperatures. 

In  previous  investigations  it  was  thought  that  an  accuracy  of  about 
three  per  cent,  had  been  attained.  In  order  to  attain  a  still  greater  ac- 
curacy very  elaborate  provision  must  be  made  in  everything  that  pertains 
to  the  work. 

In  the  present  investigation  an  electrically  heated  radiator  is  being 
employed.  The  temperature  within  the  radiating  cavity  is  uniform  to 
within  0^.5  for  a  distance  of  6  to  8  cm.  from  the  central  radiating  wall 
(or  over  a  total  length  of  12  to  16  cm.).     During  any  series  of  observa- 

*  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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tions  the  temperature  is  maintained  constant  to  o®.2  to  o**.3  —  no  ob- 
servations being  made  when  a  greater  variation  occurs. 

The  bolometer  of  platinum,  .0004  mm.  in  thickness,  4.2  ohms,  is 
placed  in  the  focus  of  a  hemispherical  mirror.  Its  rear  side  is  left  bright 
and  its  front  side  is  painted  with  a  thin  coating  of  a  mixture  of  lamp 
black  and  platinum  black,  in  alcohol.  A  bit  of  camphor  is  added  which 
prevents  the  mixture  from  ** creeping"  while  drying,  and  ultimately 
evaporates.  When  dry  the  front  side  of  the  bolometer  is  smoked  a  little. 
This  would  seem  to  render  the  bolometer  about  as  •*  black  "  as  one  can 
expect  to  make  it.  The  resistance  of  the  bolometer  for  various  battery 
currents  as  well  as  its  temperature  coefficient  are  known. 

Contrary  to  some  of  the  prevailing  notions,  the  uncertainties  in  the 
measurements  are  located  in  the  bolometric  end  of  the  apparatus  instead 
of  in  the  constancy  of  the  temperature  of  the  radiator. 

Two  series  of  spectral  energy  curves  at  various  temperatures  from  500** 
to  1490**  C.  have  been  obtained — ^in  all  33  different  curves.  The  ob- 
servations extend  over  a  long  period  in  which  there  were  days  when  the 
sensibility  of  the  apparatus,  the  temperature  of  the  room,  or  the  humidity, 
etc.,  varied,  so  that  some  of  the  errors  due  to  these  causes  ought  to  be 
minimized  in  the  final  results. 

The  data  are  not  sufficiently  worked  out  to  make  a  more  definite  state- 
ment than  that  after  a  three-hour  run  it  has  been  possible  to  repeat  the 
observations  in  different  parts  of  the  spectrum  with  an  accuracy  of  o.  i  to 
0.5  per  cent.,  and  that  the  ^^^^T'-constant  seems  to  be  as  high  as  any 
value  heretofore  obtained. 

The  Platinum  Thermometer  at  High  Temperatures.* 
By  C.  W.  Waidnrr  and  G.  K.  Burgess. 

THIS  is  an  experimental  investigation  *  of  the  applicability  of  the 
Callendar  formula  for  the  calibration  of  platinum  thermometers, 
in  the  range  o®  to  iioo**  C,  for  platinum  of  different  degrees  of  purity. 
Platinum  temperatures  are  numerically  defined  in  terms  of  the  resist- 
ance of  platinum  as  follows : 

//=  ioo(^  -  ^•)/(^ioo  -  ^o) 

and  the  difference  between  platinum  and  gas  scale  temperatures  is  given 
by  the  formula : 

/— //=^(//ioo  —  i)//ioo. 

The  fundamental  interval  F.I.  is  evidently  R^^^  R^  and  the  funda- 

^  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 

*  To  be  published  shortly  in  the  Bulletin  of  the  Bureau  of  Standards. 
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mental  coefficient,  c  «  i^Ryvn "~  -^o)/'®®-^©-  '^^^  constants  ^  and  c  are 
characteristic  of  the  material  of  the  thermometer.  Calibrations  are  made 
at  o°,  IOC**,  and  444*^.70  C.  (the  boiling  point  of  sulphur)  giving  the 
values  of  R^<^  R^^^  and  R^^  respectively,  from  which  data  any  other 
temperature  may  be  computed  from  the  observed  resistance,  R, 

Nine  platinum  thermometers  were  used  of  wire  varpng  in  diameter 
from  0.1  to  0.6  mm.  and  having  a  range  of  R^  from  o.ii  to  21.3,  of  c 
from  0.0039  ^o  0.0017,  and  of  ^  from  1.50  to  1.80.  The  thermometers 
were  of  the  compensated  and  of  the  potential  lead  types ;  some  of  the 
measurements  were  taken  by  a  potentiometer  method,  some  by  means  of 
a  special  Wheatstone  bridge,  and  some  of  the  thermometers  were  adapted 
to  measurements  by  three  methods,  the  potentiometer,  the  Wheatstone 
bridge,  and  the  Kelvin  double  bridge. 

The  resistance  measurements  were  made  to  i  or  2  parts  in  100,000. 

The  metals  were  used  in  crucibles  of  pure  graphite  with  powdered 
graphite  covering  them  and  in  amounts  of  1.5  to  2  kilograms,  ensuring 
ample  depth  of  immersion  of  the  coil  of  the  thermometer.  The  melting 
and  freezing  point  determinations  were  carried  out  in  vertical  electric 
resistance  furnaces  wound  with  two  platinum  ribbon  heating  coils  on 
concentric  porcelain  tubes,  the  windings  being  so  spaced  as  to  give  quite 
uniform  temperature  distribution  throughout  a  considerable  length  of  the 
furnaces.  The  temperature  could  be  maintained  constant  to  within  a 
few  hundredths  of  a  degree  for  many  minutes  at  a  time,  during  the  freez- 
ing or  melting  of  the  metal.  By  stirring  with  the  thermometer,  under- 
cooling could  be  practically  avoided. 

The  results  of  the  freezing-point  determinations  are  shown  in  the  table. 

It  will  be  seen  that  for  pure  platinum,  for  which  ^=b  1.50,  the  Cal- 
lendar  equation  is  in  agreement  with  the  generally  accepted  gas  scale  to 
within  the  limits  of  reproducibility  of  the  latter,  or  i**  C,  but  for  im- 
pure platinum  this  equation  no  longer  holds. 

The  effect  of  high  temperatures  on  the  constants  of  platinum  thermom- 
eters is,  in  general,  to  reduce  the  value  of  R^  and  increase  F.I.  The 
effect  on  b  is  very  small.  Measurements  made  with  pure  platinum  ther- 
mometers of  heavy  wire  (diameter  =  0.6  mm.)  without  the  usual  mica 
supporting  frame,  show  unusually  small  changes  in  R^  even  after  several 
heatings  for  some  hours  each  at  1250**,  changes  equivalent  to  only  a  few 
tenths  degree  C. 

Thermometers  of  pure  palladium  were  also  tried,  for  which  ^  =  2.89 
and  €  as  0.00336.  They  do  not  satisfy  the  Callendar  equation;  for  ex- 
ample, it  leads  to  a  value  of  1152**  C.  for  the  F.P.  of  copper.  The  ef- 
fects due  to  heating  are  similar  to  those  found  for  platinum. 

Four  Pt,  Pt-Rh  thermocouples,  of  slightly  differing  composition,  cali- 
brated in  terms  of  the  equation  T^a-^  bE  —  cE*  at  three  of  the 
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Scale  of  Platinum  Thermometer, 


Callendar  Formula.     Calibration  Data:  Ice  Steamy  Sulphur 
(  5=444^.70  C). 
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**  Range*'  =-  difference  between  highest  and  lowest  F.P.  determinations. 

**  Number  of  samples'*  refers  to  materials  from  different  chemical  firms. 

•«  K  **=  «•  Kahlbaum,"  "  B.  C.  W.**=  Baltimore  Copper  Works'  purest  product. 

freezing  points  in  the  table  (Zn,  Sb,  Cu  or  Zn,  Ag-Cu,  Cu),  as  given 
by  the  platinum  resistance  thermometer,  agree  with  each  other  to  within 
0^.3  at  intermediate  temperatures,  and  to  within  i^  with  the  scale  as  de- 
fined by  the  thermometer  of  pure  platinum. 

Note  on  Radiation  Due  to  Impact  of  ^-Particles  Upon 

Solid  Matter.* 

By  C.  Davisson. 

AN  attempt  has  been  made  to  detect  the  existence  of  a  non-deviable 
t3rpe  of  radiation  similar  to  X-rays,  due  to  the  impact  of  )9-particles 
upon  solid  matter,  or,  at  least,  to  reduce  the  limits  of  experimental  error 
within  which  it  may  be  said  such  radiation  is  not  to  be  observed. 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1 909. 
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The  method  of  procedure  has  been  to  concentrate  the  ^S-radiation  from 
five  milligrams  of  radium  bromide  along  the  axis  of  a  strong  magnetic 
field ;  to  interrupt  this  concentrated  radiation  by  means  of  a  metallic 
target  and  examine  the  radiation  proceeding  from  the  target  at  right 
angles  to  the  direction  of  the  field.  A  field  of  from  3,500  to  4,000  lines 
per  cm.'  has  been  found  sufficient  to  concentrate  the  greater  part  of  the 
/9-radiation  into  two  streams  of  a  centimeter  or  less  in  diameter,  proceed- 
ing in  opposite  direction  from  the  radium  along  the  lines  of  force.  The 
individual  )9-particles  move  in  spiral  orbits  but  in  the  aggregate  they  form 
a  cylindrical  stream  analogous  to  the  cathode  stream.  On  intercepting 
one  of  these  streams  by  means  of  a  lead  target  inclined  to  make  the  angle 
of  incidence  about  45  degrees,  it  has  been  found  that  the  ionization  inside 
a  closed  vessel  whose  center  is  45  cm.  from  the  target,  on  a  line  through 
its  center  at  right  angles  to  the  direction  of  the  magnetic  field,  is  in- 
creased by  about  twenty  ions  per  c.c.  per  sec. 

It  should  be  stated  that  the  intensity  of  the  magnetic  field  between  the 
target  and  the  closed  vessel  is  not  uniform  but  decreases  almost  uniformly 
from  the  target  outward  at  the  rate  of  9  per  cent,  of  its  maximum  value 
per  cm.  to  a  point  where  its  value  becomes  negligible. 

Various  shadow-casting  experiments  which  have  been  carried  out  to 
date  do  not  indicate  conclusively  that  the  radiation  reaching  the  ioniza- 
tion chamber  from  the  target  is  propagated  in  straight  lines.  They  re- 
ceive ready  explanation,  however,  on  the  view  that  the  radiation  is,  in 
fact,  rectilinear  but  that  it  appears  to  be  otherwise  on  account  of  a  devia- 
ble  tertiary  radiation  from  solid  bodies  in  the  neighborhood  of  the  beam 
examined.  Modifications  are  being  made  in  the  apparatus  at  present  by 
means  of  which  it  is  hoped  a  definite  answer  may  be  made  to  this  question. 

Shielding  experiments  have  indicated  that  the  radiation  is  quite  soft, 
its  effect  being  halved  when  o.  i  mm.  of  lead  foil  is  interposed  between 
the  target  and  the  ionization  chamber. 

Experiments  with  targets  of  different  material  have  indicated  that  the 
radiation  from  them  is  an  increasing  function  of  their  atomic  weights. 

A  more  detailed  account  of  these  and  other  experiments  bearing  on  the 
same  subject  is  in  preparation. 
Palmer  Physical  Laboratory, 
Princeton  University. 
April  14,  1909. 

Preliminary  Note  on  the  Variation  with  Speed  of  the 
Mass  of  an  Electron.^ 
By  C.  a.  Proctor. 

THE  general  arrangement  of  apparatus  was  similar  to  that  employed  by 
S.  Simon  for  the  determination  of  ^/w,  with  the  addition  of  a 
^  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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condenser  in  the  discharge  tube  to  admit  of  measuring  the  electric  devia- 
tion of  the  rays.  The  electric  deflection  was  computed  from  the  magnetic 
by  the  Lorentz  and  Abraham  formulae  and  the  result  compared  with  the 
observed  deflection. 

A  large  number  of  observations  at  velocities  varying  from  o.  13  to  0.44 
the  velocity  of  light  give  a  mean  deviation  of  computed  from  observed 
deflections  of  +0.45  per  cent,  in  the  case  of  the  Abraham  formula,  and 
of  +1.05  per  cent,  in  the  case  of  the  Lorentz-Einstein  formula. 

The  Natural  Scale  of  Pure  Color/ 
By  p.  G.  Nutting. 

STEINDLER  has  made  determinations  of  the  least  difference  in  wave- 
length that  are  perceptible  as  differences  in  color.  Reciprocals  of 
these  values  give  the  relative  sensibility  of  the  eye  to  wave-length  differ- 
ences throughout  the  spectrum.  But  sensibility  is  the  derivative  of  scale 
reading,  hence  integration  of  the  sensibility  curve  gives  color  as  a  func- 
tion of  wave-length.  The  visible  spectrum  was  divided  into  25  parts 
representing  25  steps  of  equal  color  difference  on  the  theoretical  scale 
and  comparison  with  a  suitable  normal  spectrum  showed  no  perceptible 
errors. 

An  Experimental  Determination  of  the  Resolving  Power 
Constant  of  Lenses.^ 

By  P.  G.  Nutting. 

WITH  a  half-tone  screen  of  about  200  lines  to  the  inch  illuminated 
with  monochromatic  light  as  object,  the  resolving  power  of  a 
F\'^   to  -^/2o   lens  may  be  determined  with  considerable  precision. 

Theory  gives 

X 

as  the  least  angular  separation  between  two  objects  just  resolvable  by  a 
lens  of  diameter  2h  used  in  light  of  wave-length  X,  Viewing  two  stars,  the 
image  of  either  is  calculated  to  lie  at  the  center  of  the  first  dark  diffrac- 
tion ring  surrounding  the  other  when  a  ^  0.61, 

With  the  half-tone  screen  the  following  determinations  of  a  were  made : 
All  structure  leaves  image  when  (J  »  0.48 

Nature  of  object  apparent  when  a  ^  0.54 

Image  shows  proper  form  but  lacks  contrast  when         a=^  0.65 
Shadows  just  perceptibly  hazy  when  ^  =s  o.  95 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 
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Hence  the  theoretical  value  of  a  assumes  an  image  agreeing  in  form 
with  the  object  but  greatly  lacking  in  contrast  and  without  clear  shadows. 

The  Effect  of  Temperature  upon  the  Absorption  Spectra 
OF  Various  Salts  in  Solution.^ 

By  W.  W.  Strong. 

THE  present  work  is  a  continuation  of  that  reported  upon  by  Jones 
and  Strong  *  and  is  being  carried  on  by  a  grant  from  the  Carnegie 
Institution  of  Washington. 

The  apparatus  is  the  same  as  previously  described  with  the  addition  of 
prisms  and  a  temperature  bath  by  means  of  which  the  temperature  of  the 
solution  could  be  changed.  The  length  of  solution  in  the  path  of  light 
could  be  varied  between  3  and  250  mm.  The  method  is  due  to  Dr. 
Anderson  and  works  very  well  for  solutions  that  do  not  evaporate  rapidly. 

Salts  of  chromiiun,  cobalt,  uranium,  nickel  and  copper  have  been  in- 
vestigated between  o**  and  90®  C.  in  water  over  a  region  of  the  spectrum 
between  I  2100  to  ^  7600.  Wratten  and  Wainwright  red  sensitive  films 
are  used.  Erbium,  neodymium,  prsesodymium  and  potassium  salts  are 
being  worked  at  present.  Later  these  salts  will  be  worked  in  different 
solvents  up  to  the  critical  temperature  of  the  solvent. 

All  the  salts  investigated  show  increased  absorption  as  the  temperature 
rises.  The  absorption  bands  widen  in  every  case  as  the  temperature  is 
increased.  At  the  same  time  several  of  the  uranyl  bands  appear  to  shift 
towards  the  longer  wave-lengths  without  changing  very  greatly  in  inten- 
sity. This  may  be  due  to  dehydration  of  the  uranyl  group.  Many  of 
the  wider  bands  broaden  unsymmetrically,  the  broadening  on  the  red 
side  usually  being  the  greater. 

Note  on  the  Rate  of  Movement,  Depth  and  Intensity  of 

Storms.^ 
By  Wm.  R.  Blair. 

1.  The  vertical  distribution  of  moisture  in  the  atmosphere. 

2.  The  change  in  temperature  with  altitude  and  its  relation  to  the 
moisture  distribution. , 

3.  The  variation  with  altitude  of  the  velocity  of  the  prevailing  westerly 
winds  upon  which  storm  movement  seems  to  depend. 

4.  The  influence  of  these  three  factors  on  storm  intensity  and  the  con- 
clusion that,  for  a  given  location  and  season,  deeper  storms  move  faster 

1  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 

•Phys.  Rev.,  Feb.,  1909,  pp.  143,  144. 
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and  bring  about  the  more  abrupt  also  the  greater  changes  in  weather 
conditions. 

Temperature  Change  with  Altitude  in  the  Lower  Stratum 

OF  the  Atmosphere  and  its  Relation  to  Surface 

Air  Pressure  and  other  Phenomena. 

By  Wm.  R.  Blair. 

1 .  Diurnal  variation  of  temperature. 

2.  The  aperiodic  variation  depending  on  the  succession  of  cyclonic 
and  anticyclonic  conditions. 

3.  Characteristic  changes  in  the  temperature  during  the  passage  of  an 
area  of  high  pressure.     During  the  passage  of  an  area  of  low  pressure. 

4.  The  relation  of  the  gradient  to  the  vertical  air  movement. 

The  Determination  of  the  Constants  of  Instrument 
Transformers.^ 

By  p.  G.  Agnew  and  T.  T.  Fitch. 

THE  constants  to  be  determined  are  the  ratios  and  phase  angles 
between  primary  and  secondary.  In  the  case  of  potential  trans- 
formers this  is  accomplished  by  drawing  from  the  source  of  supply,  a  small 
current  through  a  high  non-inductive  resistance,  and  applying  the  sec- 
ondary to  this  resistance  potentiometer  fashion,  using  as  a  detector  the 
moving  coil  of  a  dynamometer  whose  field  coil  is  in  the  primary  circuit. 
This  makes  the  ratio  depend  directly  on  two  bridge  values  of  resistance. 
The  phase  angle  is  obtained  with  the  same  set-up  by  applying  the  small 
resultant  e.m.f.  to  the  moving  coil  of  a  dynamometer  whose  field  is  excited 
by  a  current  in  quadrature.  A  maximum  sensibility  of  1/20,000  in  ratio 
and  of  o.  i'  of  phase  angle  is  obtained.  A  similar  method  is  used  for  the 
ratio  and  phase  angle  of  current  transformers.  Measurements  on  a  con- 
siderable number  of  transformers  showed  that  the  potential  transformer 
is  an  instrument  of  high  precision,  and  that  the  same  is  true  of  the 
current  transformer  but  to  a  less  degree.  It  was  found  that  in  case  the 
secondary  of  a  current  transformer  be  open  circuited  while  current  was 
passing  through  the  primary,  the  constants  were  changed,  due  to  the 
permeability  of  the  iron  being  decreased,  but  that  this  effect  could  be 
removed  by  demagnetization. 

In  connection  with  the  work  a  method  was  developed  for  the  compari- 
son of  extremely  low  inductances,  10""'  henry,  or  lower,  with  an  accuracy 
of  one  per  cent.' 

^  Abstract  of  a  paper  presented  at  the  Washington  meeting  of  the  Physical  Society, 
April  26  and  27,  1909. 

'  This  paper  will  appear  in  full  in  the  Bulletin  of  the  Bureaa  of  Standards. 
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